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ALTERNATIVE AUTOMOTIVE TECHNOLOGIES 
AND ENERGY EFFICIENCY 


THURSDAY, JULY 28, 2005 

Congress of the United States, 

Joint Economic Committee, 

Washington, DC 

The Committee met, pursuant to call, at 10:00 a.m., in room 
2226, Rayburn House Office Building, Hon. Jim Saxton (Chairman 
of the Committee) presiding. 

Present: Representatives Saxton, McCotter, Maloney, Hinchey, 
and Cummings. 

Staff Present: Chris Frenze, Ted Boll, Chad Stone, Colleen 
Healy, and John Kachtik. 

OPENING STATEMENT OF HON. JIM SAXTON, CHAIRMAN, 

A U.S. REPRESENTATIVE FROM NEW JERSEY 

Representative Saxton. Good morning. I am pleased to wel- 
come Under Secretary Garman and the other expert witnesses be- 
fore the Committee this morning. 

With oil prices in the neighborhood of $60 per barrel, it is not 
surprising that there is increased interest in fuel efficiency and al- 
ternative ways of powering cars and trucks. Increased demand for 
oil, especially from Asia, combined with the restrictive practices of 
the OPEC cartel, have together created a situation where oil prices 
have spiked in recent months. With OPEC members only last De- 
cember complaining about an “overproduction” of oil, it is abun- 
dantly clear that we cannot depend on them to be reliable suppliers 
of petroleum. Unfortunately, according to many experts, OPEC has 
elevated oil prices and they may be with us for quite some ex- 
tended period of time. 

It is interesting to point out that while OPEC members have 70 
percent of the oil reserves, they produce only a total of 40 percent 
of our needs. Gasoline accounts for about 45 percent of American 
oil consumption each day, so it is appropriate to consider the long- 
term potential of alternative automotive technologies that would 
reduce our dependency on foreign oil. 

The purpose of this hearing is to explore these alternatives and 
examine which of them seem to be the most feasible over the short, 
medium and long terms. Greater efficiency in internal combustion 
engines, using methods such as shutting off half the cylinders 
when maximum power is not needed, is already being realized. 
Flexible fuel vehicles, capable of burning a mixture of gasoline and 
up to 85 percent alcohol are already in production. Recently I have 
introduced legislation to enhance tax incentives for the purchase of 
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flexible fuel vehicles. U.S. auto companies already make millions of 
flexible fuel vehicles that are only slightly more expensive to 
produce than cars that run on conventional engines. 

The market for hybrid vehicles is also expanding far beyond 
small economy cars and this promises additional savings. Small hy- 
brid cars demonstrated the feasibility of this technology, and it is 
now being applied to mid-sized passenger cars, as well as to SUVs. 
As a matter of fact, the Department of Defense has even manufac- 
tured a tank with a hybrid engine. There are some exciting new 
refinements of hybrid technology that could produce significant in- 
creases in fuel efficiency. Perhaps the future hybrid and electric ve- 
hicles could even be recharged using the existing power grid. 

None of these technologies alone is likely to reduce our oil con- 
sumption significantly over the short run. But over the next decade 
or two, they could make a real difference and synergies between 
them offer the potential for further gains. For example, improved 
efficiencies of the internal combustion engine could be combined 
with hybrid and other technologies to maximize fuel savings. 

Over the long run, the high price of oil is likely to create incen- 
tives for other technology breakthroughs that will produce even 
more dramatic savings. Hydrogen fuel cells offer one promising 
technology for the long term. Since power can be most efficiently 
generated in power plants, there are those who argue that a transi- 
tion to hydrogen fuel cell or electric vehicles offers the most prom- 
ising technologies for coming decades. 

In any event, continued Federal Government and industry sup- 
port for research and development, and the vision of entrepreneurs 
and inventors, are needed to ensure the advancements in tech- 
nology that will enable us to eventually increase our energy secu- 
rity. 

[The prepared statement of Representative Jim Saxton appears 
in the Submissions for the Record on page 37.] 

I turn now to Mrs. Maloney. 

OPENING STATEMENT OF HON. CAROLYN B. MALONEY, 

A U.S. REPRESENTATIVE FROM NEW YORK 

Representative Maloney. Thank you very much, and thank 
you, Chairman Saxton, and welcome, Mr. Garman. The question of 
what role alternative automotive technologies will play in our en- 
ergy future is an extremely important one, and I hope we will be 
able to learn things from this hearing that can inform our future 
policy choices. 

We are heavily reliant on oil to power our cars and fuel our life- 
style and 58 percent of the oil we consume is imported, often from 
politically volatile regions of the world. Promoting conservation, 
raising efficiency standards and supporting research and develop- 
ment can all play an important role in overcoming our dependence 
on oil and reducing our reliance on imports. 

Today more than two-thirds of the oil consumed in the United 
States is used for transportation, mostly for cars and light trucks. 
Increasing fuel efficiency would lower pressures on oil prices, en- 
hance our national security, curb air pollution and reduce the emis- 
sion of greenhouse gases, which cause global warming. Clearly, al- 
ternative fuel and automotive technologies are needed to help 
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achieve these goals, but we cannot overlook the importance of other 
approaches. 

CAFE standards, the Corporate Average Fuel Economy stand- 
ards, for cars have remained static for 2 decades and the average 
vehicle fuel economy has actually declined since the late 1980s 
when sales of SUVs begin to climb. Car manufacturers could in- 
crease the average fuel economy from today’s 27.5 miles per gallon 
to 46 miles per gallon just by implementing existing technologies, 
according to a recent MIT report. This would reduce our depend- 
ence on foreign oil by three-fourths and cut greenhouse gas emis- 
sions by nearly a third. 

The auto industry is pursuing a variety of advanced vehicle tech- 
nologies, such as hybrid vehicles, fuel cells and hydrogen fuel. 
While hybrid vehicles have received a great deal of attention, they 
still make up only 1 percent of the 17 million vehicles sold in the 
United States each year. However, some hybrids don’t contribute 
much to energy efficiency, as car companies are building more high 
end, high-performance vehicles. 

Congress needs to be careful about which technologies it sub- 
sidizes. We should make sure that we are not prematurely commit- 
ting to any particular technology and neglecting other potentially 
beneficial approaches. We also should make sure that tax incen- 
tives are well targeted to achieving their objectives, rather than 
simply subsidizing behavior that would have taken place anyway. 
It doesn’t make much sense to give a tax break when manufactur- 
ers are wait-listing customers for certain models. The demand is al- 
ready there. The cars are not. 

My sister-in-law had to wait 3 years to get a hybrid car. There 
is a waiting list for them. People want them. The auto industry is 
not developing or putting them out for sale fast enough. 

I will be interested to learn more about whether the President’s 
initiative to promote hydrogen fuel and fuel cells has realistic goals 
or is just science fiction. Right now there is a danger that hydrogen 
and hydrogen fuel cells may never be commercialized because they 
are so expensive and this initiative may draw funding away from 
near-term technologies such as hybrids. 

I have more questions, but I will stop here, because we have a 
panel — two panels, as I understand it. I hope that they will be able 
to provide us with more information on the intriguing technological 
possibilities that lie before us. 

So I look forward to getting more solid information, and I thank 
you for calling this hearing. 

[The prepared statement of Representative Carolyn B. Maloney 
appears in the Submissions for the Record on page 37.] 

Representative Saxton. Thank you very much. We are going to 
hear first from Under Secretary of Energy, the Honorable David K. 
Garman, from the Energy Department. Then we are going to turn 
to three important representatives of industry who are knowledge- 
able about the technology that we have been fortunate to have de- 
veloped, which goes to the issues that Mrs. Maloney and I have 
just been talking about. 

I would just like to make one other short comment. I recently 
had the opportunity to read something that was written in 1999 by 
the People’s Liberation Army representatives of China. It was ti- 
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tied “Unrestricted Warfare,” and it talks about the long-range 
strategies of some of our foes overseas, in this case of course China. 
The notion of unrestricted warfare relates to the national security 
of our country, and essentially what it talked about was strategies 
that some of our foes could use to accomplish goals which perhaps 
traditionally have been accomplished through military means, such 
as information technology, and other various means that our foes 
could use to affect our economy and, therefore, disadvantage us. It 
is pretty clear to me that unrestricted warfare is not as new as we 
might think it is by reading what the Chinese write. 

As a matter of fact, over the last several decades, OPEC has used 
a strategy to disadvantage our economy. Today some OPEC mem- 
bers produce oil at about $1.50 a barrel. Think of that. We are pay- 
ing $60 a barrel. That is primarily, from my point of view, because 
of underproduction by OPEC countries who produce about 40 per- 
cent of what we need. They could be producing much more than 
that inasmuch as they control about 70 percent of the oil reserves 
that exist in the world. So it would behoove us as a society to be- 
come energy independent, so that we don’t have to rely on those 
who are underproducing petroleum. 

So, Mr. Garman, thank you for being with us here today. To me 
this is an extremely important subject and one that through gov- 
ernment and through industry we need to move on to rectify this 
problem that we find ourselves in. 

STATEMENT OF HON. DAVID K. GARMAN, UNDER SECRETARY 
OF ENERGY, U.S. DEPARTMENT OF ENERGY 

Mr. Garman. Thank you, and understanding that my full state- 
ment will be inserted into the record, I will summarize briefly. 

Representative Saxton. Without objection. 

Mr. Garman. The global economy consumes roughly 80 million 
barrels a day and 20 million barrels are consumed in the United 
States each day. Therefore, any impact that we might have in mak- 
ing our country less reliant on oil has implications not only for the 
United States and our balance of trade and our security and our 
foreign oil dependence, but for the world. 

Here in the United States, transportation accounts for two-thirds 
of our daily oil use, and most of that is due to the 230 million cars 
and light trucks on the road. President Bush laid out a vision in 
his 2003 State of the Union Address that “the first car driven by 
a child born today could be powered by hydrogen and pollution 
free.” 

Since that time, we have established an aggressive research pro- 
gram to overcome the cost and technology obstacles to affordable, 
practical hydrogen fuel cell vehicles. These obstacles include the 
challenges of hydrogen production, distribution and storage, includ- 
ing storage aboard the vehicle. 

We are also working to lower fuel cell costs while improving du- 
rability and performance, and we are doing so in partnership with 
the private sector. Some have characterized our efforts towards hy- 
drogen fuel cell vehicles as an abandonment of other automotive 
technology work. This is not the case. Allow me to explain. 

The hydrogen fuel cell vehicle of 2020 shares many of the same 
components of the hybrid vehicles of today, electric drive, power 
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electronics, advanced lightweight materials, and even the batteries 
that are crucial systems in hybrid vehicles are also likely to play 
important roles in the fuel cell vehicles of the future. Therefore, we 
have very robust programs to advance hybrid systems, energy stor- 
age, power electronics and advanced materials that are making 
technological contributions to the hybrid gasoline vehicles of 2010 
as well as the hydrogen fuel cell vehicles of 2020. 

In addition to the work on technologies that I have mentioned, 
we are also doing a great deal of work on advanced combustion en- 
gines and fuels, including light duty diesels that will never find 
their way into a hydrogen fuel cell vehicle. It is important to note 
that these component technologies can be brought together in dif- 
ferent ways to meet consumer demands while reducing petroleum 
use. 

As an example, our work on batteries, electric drive, power elec- 
tronics, renewable fuels and advanced internal combustion engines 
contribute to the potential of plug-in hybrid vehicles that could con- 
ceivably use a high percentage of blended renewable fuels if con- 
sumer tastes and markets take us in that direction. In other words, 
our portfolio will advance component technologies that can make 
significant contributions in the near term, mid-term and long-term. 

How successful can we be with our portfolio of automotive tech- 
nologies? Some insights can be gained by two different scenarios 
outlined by the National Academy of Sciences 2004 report on the 
hydrogen economy. 

The chart that I have here illustrates these two scenarios against 
business as usual in this chart, which is identified as case A. In 
the business as usual case, as projected by DOE, oil use in light 
duty personal vehicles roughly doubles by 2050. 

Case B in the chart assumes that hybrids will be successful, but 
that fuel cell vehicles will not. In this venue, the oil savings in 
2025 are 3 million barrels a day rising to 6 million barrels a day 
in 2050. While oil use for light duty transportation levels in the 
near term, it will resume its rise after 2035 or so. 

Case C in that chart illustrates why we believe getting to hydro- 
gen is so important over the long term. Based on what we know 
today, this approach has the greatest potential to drive oil use in 
personal transportation to zero. Of course, we don’t intend these 
scenarios to be predictions of the future, but rather a way to think 
about what we can and should do to reduce our dependence on for- 
eign oil. 

Finally, Mr. Chairman, let me stress the importance of partner- 
ship, not only with the automotive companies represented here 
today, but with the energy providers of today and the future. One 
of the most important accomplishments of this administration has 
been the creation of the FreedomCAR and Fuel partnership com- 
prised of major automotive manufacturers, as well as the energy 
providers of today’s fuels and tomorrow’s hydrogen. Vehicle tech- 
nologies, fuels and refueling infrastructure cannot be developed in 
isolation from one another, which is a reality that we are fully cog- 
nizant of. 

With that, Mr. Chairman, I would be pleased to stop and answer 
any questions that you or this Committee may have either today 
or in the future. 
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[The prepared statement together with chart entitled “???” of 
Hon. David K. Garman appear in the Submissions for the Record 
on page 38.] 

Representative Saxton. Well, thank you very much, Mr. 
Garman, for your statement. I am interested in your chart. I notice 
that you are fairly optimistic, over the long-term, of finding other 
means of power that we can use for our transportation needs. Re- 
garding the hybrid technology that exists today, would you say that 
it is a mature type of technology or is it something that we need 
to continue to develop? 

Mr. Garman. We need to continue to improve the technology, 
just to cite an example. The type of battery used in today’s hybrid 
is a nickel hydride battery. We can improve performance of hybrid 
vehicles if we are successful in moving to a more expensive but 
lighter weight technology, a lithium ion battery that on an energy- 
to-weight ratio could both reduce the weight of the vehicle but pro- 
vide a lot more energy and contribution to the drive. 

There are a couple of issues we have to overcome. Chief among 
them is cost. Lithium ion batteries are still comparatively expen- 
sive compared to nickel hydride batteries. We have a technology 
program in partnership which is focused on bringing down the cost 
and improving the performance of that battery. That, again, is one 
of those examples of a technology that would not only be used in 
a hybrid vehicle, but could conceivably be used in a fuel cell vehicle 
in the future. 

Representative Saxton. Now, you have also made reference to 
the longer term here with regard to hybrid electric and fuel cell ve- 
hicles kicking in, perhaps, a decade from now? 

Mr. Garman. Our expectation — of course, hybrid electric vehi- 
cles are in the market today, and I have been privileged to buy a 
couple of them myself. I think they work terrific, and I think they 
will get better. 

Mrs. Maloney raises a very important question about the trade- 
offs inherent. Hybrid technology can be used not only to improve 
fuel economy, but to improve performance. It will be interesting to 
see how consumer demands will evolve and what manufacturers 
will be offering in this regard. 

But over the longer term, we see the transition to hydrogen fuel- 
cell vehicles as very, very important, because that is the only thing 
that reverses and ends our dependence on petroleum for light duty 
transportation. We envision that if we are successful in overcoming 
the technology targets as we understand them today, we could get 
to a commercialization decision in 2015. 

Let me point out that I think that nearly every attempt we have 
made in the past at pushing alternative fuel vehicles on the public 
have not been successful. We will be successful when we are able 
to offer a vehicle that consumers want to buy and drive. That is 
something that we are keeping very much in mind as we go ahead. 

There has to be a business case to offer these vehicles. We have 
to overcome the technology obstacles, and we are hoping that 
around 2015 a commercialization decision can be made by industry 
where they say we have the technology and the technology is at a 
cost where we can make the business case for both the vehicles and 
the infrastructure in the marketplace. Because these can be very 
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exciting vehicles that consumers will want to buy and drive. If we 
are successful that the technology and business case can be made, 
one would hope that government incentives to push the tech- 
nologies in the marketplace will not be as expensive as they might 
otherwise be. 

Representative Saxton. Mr. Garman, I think this is a great 
goal for the long term. Let us talk short term for just a moment. 
It is my understanding that there is a technology available that is 
generally referred to as flexible fuel, vehicles which combine a mix- 
ture of gasoline and alcohol or gasoline. 

We generally talk about alcohol that is made from organic mate- 
rial. I noted you don’t show the use of flexible fuel vehicles, at least 
on your chart. I am wondering if there is a reason for that. It 
seems to me that if technology is available today, there are some 
things that we need to do perhaps to make it feasible to use it in 
terms of supplying, creating a supply line for fuel for flexible fuel 
vehicles. Could you talk about that a little bit? 

Mr. Garman. Sure, absolutely. First of all, I think it is impor- 
tant to make the observation that manufacturers are offering in 
the marketplace today literally hundreds of thousands of flex fuel 
vehicles. Those are available. Some consumers are buying them 
without even knowing it. They are out there. I believe that every 
manufacturer produces them and some of the manufacturers can 
talk to the specific models and numbers. 

The interesting question is, is the fuel available for those flex 
fuel vehicles. Most flexible fuel vehicles, I can tell you, that are 
driven and used in the Federal Government, where we have re- 
quirements for purchases of flexible fuel vehicles, many of them are 
not being fueled with renewable fuels, which is the goal after all. 
Part of that is being addressed, we believe, in the energy bill that 
will come before the House, I believe, today in the conference re- 
port with an increased mandate in the production of ethanol. Eth- 
anol is, of course, the component, the E85, or 85 percent ethanol 
fuel blend that flexible fuel vehicles use. So part of it is not only 
having the vehicles available, but having the fuel available. 

As you pointed out in your statement, the manufacturers are get- 
ting quite good at lowering the cost differential between a flexible 
fuel vehicle and a conventional vehicle. In fact, some of the manu- 
facturers are actually getting to the point where instead of using 
a sensor in the vehicle to determine when flexible fuel is being 
used, they are actually using computer algorithms so that no hard- 
ware is actually needed and they can basically offer a flexible fuel 
vehicle at no additional cost. That is, I think, an important break- 
through. 

But we also have to get more fuel in the market, and that gets 
us to the limits of ethanol and corn-based ethanol and how much 
corn-based ethanol can we make. There is a mandate in the energy 
bill which helps. It would bring us from about 4 gallons a year to 
7.5 gallons a year in 2012. But compare that with the reality that 
we use about 135 gallons of gasoline each year. So it will still be 
a relatively small amount. If we want to move beyond corn-based 
ethanol to actually produce a lot more ethanol than we can from 
corn, we have to develop a breakthrough in what we call cellulosic 
ethanol, ethanol that is made from agricultural residues, clippings, 
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certain kinds of organic wastes, a wider variety of feedstock than 
what we use to make ethanol today. 

Unfortunately, our cost of producing that ethanol today is around 
$2.75 a gallon. We think we could make a lot of it, perhaps up to 
60 million — I am sorry, billion gallons a year, which would make 
an appreciable impact on our oil dependency. But no one is going 
to buy it at that price. That is untaxed. So we have to do a better 
job and continue to work. We at the Department are spending on 
the order of about $70 million a year just on this problem of pro- 
ducing more cellulosic ethanol so that we can fuel increasing num- 
bers of flexible fuel vehicles that are coming into the market. 

Representative Saxton. I notice that you refrained from men- 
tioning the actual names on the vehicles that they consider flex 
fuel vehicles. 

Mr. Garman. Only because I was afraid of leaving some out. 

Representative Saxton. I understand. One of the reasons we 
have public hearings though is to let the public know what actually 
exists. So I would like to try to do that a little bit with regard to 
some of the vehicles that are available today. 

I notice that we have representatives from DaimlerChrysler here 
today. We have representatives from Ford Motor Company. We 
have representatives from Toyota here today. I know that there are 
also General Motors vehicles that are considered flex fuel vehicles. 

Let us just run down the list of some of these, because they are 
going to be very familiar and the public is going to be surprised 
when they hear, for example, that a Ford Taurus is a flex fuel vehi- 
cle. 

Mr. Garman. That is right. 

Representative Saxton. And that a Chevrolet Suburban is a 
flex fuel vehicle, or in some cases are. 

Could you please just list common-day cars that people drive that 
are flex fuel vehicles? 

Mr. Garman. The Dodge Sebring. A complete list can be found 
on the website, fueleconomy.org that is maintained by the Depart- 
ment of Energy 

Representative Saxton. You are still being too careful. 

Mr. Garman. That is because, again, Ford, Chevrolet, 
DaimlerChrysler, most of the major motor companies offer a wide 
variety of flex fuel vehicles in a number of different classes. I would 
almost be at the point of guaranteeing that almost any type of car 
that you want to buy has a flexible fuel offering in that class. 
There are that many vehicles out there. 

Representative Saxton. Every day, if we went out on Inde- 
pendence Avenue and stood there and watched cars go by, what 
percentage of them would be capable of burning flexible fuels? 

Mr. Garman. I would have to provide that for the record. I can 
tell you that I came to this hearing in a flex fuel vehicle. They are 
out there. They are numerous. As I said, some consumers are actu- 
ally driving them without knowing it. 

[The information requested appears in the Submissions for the 
Record on page 63.] 

Representative Saxton. Is a Sable a flex fuel vehicle? 

Mr. Garman. I believe it is, but I would have to check my 
website to be sure. 
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Representative Saxton. Yes, all right. I just want to make this 
point for my friends on the panel here and for the public that flex 
fuel vehicles are out there. And you can burn up to 85 percent alco- 
hol, mixed with gasoline, in those cars. 

Now, you talked about our energy bill that is going to require, 
mandate the production at a certain level. That doesn’t go to solve 
the whole problem from what I understand it. It has to be deliv- 
ered, it has to be pumped. It has to be available to put in the car, 
the flex fuel vehicle, and a distribution system is another part of 
the problem, isn’t it? Would you talk about that a little bit? 

Mr. Garman. That is correct. I think it is fair to say that if you 
were a consumer with a flexible fuel vehicle — I know there is a sta- 
tion in Lanham, Maryland. I know there is a station at the Pen- 
tagon. I know there is a station at the Navy Yard, but I am hard 
pressed to think of many more stations that are offering E85 in 
this immediate area. That is one of the problems. 

Representative Saxton. E85 is? 

Mr. Garman. Eighty-five percent ethanol. 

Representative Saxton. Eighty-five percent ethanol and 

Mr. Garman. 15 percent gasoline. 

Representative Saxton [continuing]. Fifteen percent gasoline. 

Mr. Garman. Correct. 

Representative Saxton. You have to have special pumps as 
part of the distribution system, right? 

Mr. Garman. Not a special pump but a dedicated tank. 

Representative Saxton. Because it has to be cleaner? 

Mr. Garman. Right, ethanol and alcohol have an affinity for 
water. So it is a little bit more difficult to move it through a con- 
ventional petroleum pipeline than certain other kinds of petroleum 
products that don’t have that affinity for water. 

Representative Saxton. For economic reasons, I suspect, gaso- 
line filling stations have been reluctant to convert and dedicate a 
pump to E85, right? 

Mr. Garman. Many have, yes. It is an added investment without 
an assurance that that supply of ethanol is going to be there for 
them. 

Representative Saxton. I am going to say that I have spent a 
fair amount of time working on this in the last couple of months. 
In fact, Joni Zielinski, sitting in the back of the room, my staffer, 
has done great yeoman’s work in making me able to ask the ques- 
tions that I have asked today. 

We have actually introduced some legislation which does a num- 
ber of things. It recognizes that flexible fuel vehicles are available. 
It also recognizes that we are neither producing nor able to dis- 
tribute E85 to the extent that we could to make it a viable fuel 
today. 

So our legislation provides a tax deduction of up to $100,000, 
which currently exists, and it says within 5 years — now, this is 
Draconian, but it gets people’s attention — within 5 years any filling 
station with, I believe it is 8 pumps or more, would have to dedi- 
cate one of them to E85, and the government would be willing to 
help pay for that with this tax deduction situation. 

So I hope we can make your chart look even more optimistic than 
it is in the short term by taking advantage of technology that al- 
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ready exists that we are not able to use because we are not able 
to produce ethanol to the extent that we should or distribute it in 
an efficient way. We really need to get on that, and that will help 
us bridge these new technologies that you are talking about. At 
least that is my opinion. 

Mrs. Maloney, it is your turn. 

Representative Maloney. Thank you for calling the hearing, I 
feel we are becoming — that becoming more fuel independent as a 
nation is a top priority of our economic strategy as a nation. I will 
take a serious look at your bill. I just have one question of the 
Chairman. Who gets the 100,000 deduction? Is it the filling station 
or the car producer? Who gets the deduction? 

Representative Saxton. In this case it is the filling station 
owner. 

Representative Maloney. I will take a look at it. Thank you 
for being here and talking to us about this really important issue. 
You mentioned the President’s vision that he spoke about in his ad- 
dress in 2003 to move to hydrogen fuel engines and pollution free. 

My question is where did this vision come from? Was this some- 
thing that was plucked out of the air, was it pure vision or was it 
based on solid research, that this was the area we should be focus- 
ing on and going to? Are we now scrambling to just put flesh and 
bones on that vision, or how developed was it with the scientific 
community behind it? 

Mr. Garman. I can tell you, as someone who is intimately in- 
volved with the development of this initiative, this was not one of 
those ideas that was thought up on the way to the podium at the 
State of the Union Address. This was undergirded with analytical 
work in my office and in other places, that preceded the State of 
the Union by more than a year. 

Representative Maloney. How would you respond to some of 
the critics of the President’s hydrogen initiative who suggest that 
its real purpose was to divert attention and forestall efforts to raise 
CAFE standards? I cite, really, and I would like to put in the 
record an article that appeared today on EPA Holds Back Report 
on Car Fuel Efficiency. 

Holding back the report itself is newsworthy, but the contents of 
it showed that the loopholes — and I am quoting from it directly — 
in the American fuel economy regulations have allowed auto mak- 
ers to produce cars and trucks that are significantly less fuel effi- 
cient on average than they were in the late 1980s. 

In other words, we are going in the wrong direction. Your com- 
ment on — I mean, these are not — these are criticisms that have 
been well published, editorialized and so forth, that it was really 
to forestall raising CAFE standards. 

Mr. Garman. Sure, let me make a couple of points. First of all, 
this administration did increase CAFE standards on light trucks. 
We did so — it was the first increase in CAFE standards since the 
1996 model year, and it was the largest increase in CAFE stand- 
ards in 20 years. So the Administration has increased CAFE stand- 
ards on light trucks. 

Representative Maloney. Yet the report says that — let us take 
trucks out of it. Cars, that the cars are now less fuel efficient on 
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average than they were in the late 1980s. That is an astonishing 
report coming out of our government, EPA. 

Mr. Garman. Yet, they are meeting the legislated statutory cafe 
standard for automobiles, which if memory serves is 27 

Representative Maloney. That is the point. The point is the 
legislative statute has allowed loopholes and has not upheld higher 
fuel efficiency standards. That is what it is saying. 

I just would like to ask some questions about the hybrid cars. As 
I mentioned earlier, my sister-in-law has a hybrid car. She says she 
sold 10 of them just from people coming up and asking her about 
her hybrid car finding out it is fuel efficient and really as citizens 
wanting to be a part of conserving our energy. 

She tells me that there is a waiting list. I am not going to tell 
you the company. It is an American company. There is a 3-year 
waiting list just to get one of these cars. If this is the stated policy, 
the Chairman supports it, that most Americans should get hybrid 
cars, then why can’t we get them produced and out on the market? 

Other people tell me that the foreign countries are producing 
these hybrid cars. A lot of Americans are buying from the foreign 
country — foreign cars because they can’t get them from the Amer- 
ican manufacturers. My question is why aren’t we moving with full 
speed, instead of cars that consume more and more gasoline, mov- 
ing towards the hybrids. 

I have had this conversation with Mr. Dingell, who is very sup- 
portive of the American automobile industry. Why aren’t they mov- 
ing to produce these hybrid cars at a faster rate? The foreign indus- 
tries are just going to undercut us because the American people 
want it. They will even pay more. They will pay even substantially 
more to get a hybrid car. 

Mr. Garman. I would make the following points. First of all, we 
are very much encouraging the purchase of hybrid vehicles. The 
President, in 2001 

Representative Maloney. Everyone is encouraging them. Why 
are they not producing them? 

Mr. Garman [continuing]. Offered a tax incentive for the pur- 
chase of hybrid vehicles. The question as to why aren’t manufactur- 
ers producing more of them or offering more of them is a question 
I respectfully submit you might want to ask the manufacturers, 
and you have that opportunity in a minute. 

Representative Maloney. I am sure we will hear from the 
other panel, but I am sure you have discussions with them every 
day. I would like your own perspective. 

Mr. Garman. My only perception is that hybrid vehicles are rel- 
atively new. Folks are figuring out the market. Is this an — and 
very few numbers have actually been bought. The question is, who 
has been buying the vehicles? Are they just early technology adopt- 
ers who just like the hybrid vehicle concept or are they everyday 
Americans who are making a direct economic choice? Is this a flash 
in the pan, or is this going to be a sustained demand for this new 
technology? 

Most hybrid vehicles, the extra additional cost for the compo- 
nents in the hybrid vehicles, cannot be repaid with gas savings 
over the normal 5-year ownership of the vehicle. So some will say 
that the purchase of a hybrid vehicle is not an economically ration- 
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al choice for a consumer. Yet consumers are buying them anyway. 
I think the manufacturers are trying to understand the market and 
look at the market and trying to — of course, they are only success- 
ful if they meet consumer tastes and demands. 

If this consumer taste and demand is something that is real and 
sustained, I am certain that the manufacturers — not only from for- 
eign-based auto companies but U.S.-based auto companies — will fill 
that demand if that demand is real and sustained. We want to 
help, as you do, because there is a public benefit. 

Representative Maloney. People that I know that are buying 
them are making an environmental choice. They want our country 
to be more energy independent. They will pay more money to be 
part of that. But what I am hearing is they cannot even buy them. 
They are not even out there for them to buy. 

I would like to ask, what was the process for deciding that hydro- 
gen vehicles should get the attention, and how does that affect the 
ability to fund other worthwhile investments in achieving greater 
energy efficiency? I think this is really important. I think we all 
share the goal of moving to greater energy efficiency. 

In fact, many of my constituents are concerned that maybe we 
are in Iraq — now that they find out we are not finding weapons of 
mass destruction — for the reason — I don’t believe it — but for oil. 
There is a huge concern about the American public, and I hear it 
every day from my constituents. 

Why aren’t we moving more, like we are with the ethanol, as the 
Chairman said, to be more energy efficient? But how does that — 
in other words, how does the trade-off between hydrogen vehicles 
and having the money and the technology and the research dollars 
to go after other windmills of efficiency or other ways we could ap- 
proach it? 

Mr. Garman. Thank you for that question. That is a great ques- 
tion. The first part of it, why hydrogen, is answered in the fol- 
lowing way. As you look at that chart, hydrogen is the only method 
that we foresee that over the long term actually gets personal 
transportation out of the oil business, out of the geopolitical impli- 
cations of oil, out of the environmental impact of oil, over the long 
term. 

Hydrogen is a common fuel that can be produced from a variety 
of domestic resources we have right here in the United States. You 
can make hydrogen from wind power, you can make hydrogen from 
solar power, you can make it from nuclear power. You can make 
it from natural gas. You can make it from coal if you sequester the 
carbon dioxide. 

We have lots of choices of making carbon-free hydrogen for a 
common fuel. That kind of flexibility we don’t have with any other 
fuel. So that is the short answer to why hydrogen. It was the only 
thing that could get us completely off of oil, and it was something 
that gave us the flexibility to make that fuel a variety of different 
ways. 

Now as to the question — which I take the question to mean, are 
we putting all of our eggs in the hydrogen basket? Are we spending 
too much on hydrogen to the detriment of other technologies that 
can make a contribution in the near term? I would argue that the 
answer is no. Based on the President’s budget submissions in the 
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last 3 fiscal years, you have seen our requests for funding for some 
of the nearer-term technologies, hybrid vehicles, batteries, energy 
storage, power electronics, some of these things that can advance 
internal combustion, some of these things that can make contribu- 
tions in the near term have been going up, not down. 

So we haven’t been stealing the dollars from the near term to 
pay for the long term. Our dollars focused on the oil problem. Vehi- 
cle technologies R&D have been on an upward trend, not a down- 
ward trend. So that is how I would respond. 

Representative Maloney. Thank you. There are many other 
panelists with questions. Thank you. 

Mr. Garman. Thank you. 

Representative Saxton. Thank you, Mrs. Maloney. 

Mr. McCotter. 

STATEMENT OF HON. THADDEUS G. McCOTTER, 

A U.S. REPRESENTATIVE FROM MICHIGAN 

Representative McCotter. Thank you, Mr. Chairman. I get 
asked the Iraq question too. Our reliance on foreign fuels, has that 
driven us to Iraq? Are we there to go take Iraq’s oil? The response 
that I generally find helpful is the fact that if we were there to 
steal it we wouldn’t be paying for it. So I don’t think we are there 
for the oil itself. We would have taken it by now. 

Secondly, I come from Detroit. I am graced to have the champion 
of the auto industry, Congressman Dingell, as my neighbor to the 
South. One of the things that I think he and I agree on is that the 
auto industry is not in the robust health that it was in earlier days. 
A lot of that has to do with the erosion of the North American mar- 
ket for the Big Three. 

One of the problems that led to that is it made some missteps 
in the marketplace. So we have to go back to the concept that while 
we may think that it would be nice for the Big Three to drive mar- 
ket demand, the reality in a free marketplace is that supply follows 
demand. While we may have a new development where people are 
making decisions on cars no longer on a cost-benefit basis but being 
able to have the economic luxury of adding something like an envi- 
ronmental consideration or a political consideration to their pur- 
chase of a vehicle, it is very difficult for the Big Three at this point 
in time to increase production and guess wrong again. That would 
not only cut into profits, that would cut into the number of jobs, 
which are becoming more and more scarce within our manufac- 
turing industry every day. 

So my question would be — as we hear about 2015 and others, we 
hear about the past attempts to use incentives and perhaps the 
new rationale people are using to buy cars as a result of some of 
the incentives the legislation has put before consumers to look at 
alternative fuels. 

My question is, is it not so much of a forest that we miss it? One 
of the greatest market demands we are going to have, and continue 
to have, to drive the demand for these alternative fuels is staring 
us in the face every time we fill up our gas tank. 

The Unocal situation shows the national security interest of oil 
to the United States, but it also shows its scarcity. It shows that 
India, China and other developing nations are going to continue to 
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put a continued strain on our oil supply even in the best situations 
of international comity. 

At this point in time, given the rising demands in the newly de- 
veloping world and the prospect that the unstable situation in the 
Middle East will continue, what is the likelihood that the time line 
of having to make this decision on the Big Three’s part or on our 
part as the government is going to be hastened? 

Mr. Garman. That is a very complicated question. 

Representative McCotter. That is what I get paid to do. I 
don’t have to answer them. I just ask them. 

Mr. Garman. Oil analysts have many different answers to this 
question. There is one prevailing point of view held by thinkers 
such as Matt Simmons and others that we are at a point of reach- 
ing scarcity in recoverable hydrocarbons that even a tiny under- 
performance of a Saudi field, where, as the Chairman has pointed 
out, this production, excess production capacity exists, could have 
serious implications for the market, prices could rise. Yes, folks 
could be looking around more quickly than they otherwise would 
for alternatives. 

There is another point of view held by the Department of Ener- 
gy’s own Energy Information Administration which is an inde- 
pendent statistical agency that is not beholden to the political lead- 
ership. They take the view that there is lots of oil and that there 
will be on the order of 3 trillion barrels producible between now 
and 2025 and that this is not a problem. I don’t know where the 
truth is. 

I think that if I did, if I could predict the future with certainty, 
I would just suggest I might not be in this job, I would be some- 
where else. But I don’t think anyone can predict the future with 
certainty. So I look at it as our job at the Department of Energy 
to partner with the private sector to give us options, a wide variety 
of technology options that can be brought into play when market 
circumstances warrant and when consumers are asking for it. 

Your point is extremely well taken that — and if my reading of re- 
cent market trends and purchases of vehicles is correct, consumers 
are responding to the price signal that they are getting at the 
pump and are looking to buy more fuel efficient vehicles, not nec- 
essarily because they are early technology adopters or not because 
they are driven by their environmental point of view, but because 
their pocketbook says it is the smart thing to do. So your point is 
extremely well taken. 

Representative McCotter. Well, that is my concern because I 
don’t think Representative Maloney’s constituents have an aberra- 
tion, an ephemeral aberration. And I think that this is going to 
continue, and that the gas prices are going to stay at a relatively 
high level and continue to climb. Because you want to talk 2025 — 
that to me is not a long time, I still won’t even be eligible for Social 
Security at that point, if it is there. 

So my concern is that we don’t want to be, as a government, 
doing anything that is, A, going to hinder the American producers 
of cars from being able to meet that demand, because there could 
be a spike in that or a very sharp rise in the demand for these cars 
that we cannot meet, that the fuel cannot meet. 
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Even with the scenario of 2025 — and I assumed that most of the 
people who came up with that analysis at the Department probably 
take the Metro to work. At the end of the day, I don’t see the de- 
mand for oil going down. So even assume target traffic 2025, I can 
see the demand going up, up, up, up. 

I can also foresee the time when political currents will break in 
and cause problems with the market analysis that people have. My 
favorite example is when FDR slapped an oil embargo on the Japa- 
nese that was designed to bring them to their knees. That brought 
them to Pearl Harbor. 

So over time, I don’t know how the cost of gas is ever going to 
get back down necessarily to where it was. If there is a continued 
steeper rise or a precipitous spike at some point, the demand for 
these cars is going to shoot through the roof, and we will not have 
the ability to meet that demand, and that is going to be a grave 
concern. But thank you. 

Representative Saxton. Thank you, Mr. McCotter. 

Mr. Hinchey. 

STATEMENT OF HON. MAURICE D. HINCHEY, 

A U.S. REPRESENTATIVE FROM NEW YORK 

Representative Hinchey. Thank you very much, Mr. Chair- 
man, and I thank you for holding this hearing. It is a fascinating 
subject. We appreciate the opportunity to take part in it. 

I think my colleague makes some very good points and your ar- 
gument, not your argument, but the argument of others about the 
fact that there is plenty of oil in the world flies, of course, in the 
face of the market forces because we see a demand going up and 
the price going up very, very rapidly. 

I think he is absolutely right about increasing demand and we 
can see that particularly in places like China. And I understand 
that where you have 1 billion people in each of those countries, de- 
mand is going to go up and consequently the price of the product 
will go through the roof. But what troubles me, frankly, is we are 
not doing an awful lot to deal with it in this country. 

We have abandoned all of our energy conservation policies which 
were put in place in the second half of the decade of the 1970s. We 
abandoned them in 1981 and we essentially haven’t done anything 
to try to bring them back or to try to deal with the problem in an 
intelligent way since then. The issue of ethanol is fascinating. 

Can you tell me, Mr. Garman, how much oil or other fossil fuels 
it would require to produce a gallon of ethanol? 

Mr. Garman. I can. I recently had a report from the Argonne 
National Laboratory that said — and I will, of course, provide the 
complete information for the record — but as memory serves, and 
this is contrary to a recently publicized report from a Cornell re- 
searcher, but that the Argonne study found that ethanol yielded 
more energy than the fossil fuel inputs required to produce it. That 
for every million BTUs of ethanol produced, 750,000, roughly, 
BTUs, of fossil energy was used to produce it. So it is a winner. 
Ethanol is a winner, is the short answer. 

And the information that I will be happy to provide for the Com- 
mittee will show you the various studies that have been done over 
the years and the various energy balance points that those studies 
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came to. We find that most of the studies that are done find that 
ethanol is a winner. 

A researcher from Cornell finds that it is not a winner, and it 
all depends on the assumptions used in driving the study and some 
of this information is contained in the information that I will pro- 
vide to the Committee. 

[The information requested appears in the Submissions for the 
Record on page 63.] 

Representative Hinchey. That is an Argonne study. Could you 
tell us a little bit more about it now so that we could pick it up 
quickly? 

Mr. Garman. Sure. Argonne National Lab looked at all the pri- 
mary fossil fuel inputs that go into making a bushel of corn and 
transporting that corn. I am including the fertilizer inputs to the 
soil, the tractor in the planting, the harvesting of that corn, car- 
rying that corn to the plant, producing the ethanol — the entire, if 
you will, value chain of the ethanol production. 

Representative Hinchey. No, I understand what you are say- 
ing, but that is the first I have heard that. Because every study I 
have seen, including the one from Cornell, shows that it takes 
about a third more — and some studies have shown even more than 
that — a third more of fossil fuels or other energy to produce a gal- 
lon of ethanol. 

A recent release from the Department of Energy shows that a 
gallon of ethanol contains only about two-thirds of the energy that 
a gallon of gasoline does. 

So if the other studies — not the Argonne study, but I will look 
at that very carefully — but if all the other studies that have come 
out on this, including the Cornell study, are right — and your recent 
revelation about the fact that ethanol contains only about two- 
thirds of the energy of a gallon of gasoline, then it seems that we 
are putting our money in the wrong place. I don’t think at this 
stage you can responsibly say it is a winner, because the informa- 
tion is at best conflicting. 

Mr. Garman. Actually, believe me, Congressman, you and I 
have a great history on the Appropriations Committee. I don’t 
mean to be argumentative. 

Representative Hinchey. I do. 

Mr. Garman. The information that I will provide the Committee 
will show that the bulk of the studies, not the minority of the stud- 
ies, but the majority of the studies show that ethanol is a winner, 
not a loser, in terms of energy balance. 

Representative Hinchey. Thanks. I am very interested in this. 
It is critical because so much attention is being paid to that. Now 
so much money has been put into the energy bill which we will be 
dealing with later tonight on the floor of the House, into ethanol, 
and I want to look at that study before that bill comes up for a vote 
tonight. 

Mr. Garman. We will get it to you this afternoon. 

Representative Hinchey. The issue of CAFE standards is also 
very critical. We had a dramatic increase — not dramatic but a sig- 
nificant increase in CAFE standards back in the 1970s, which 
proved to be very efficient in reducing the amount of gasoline that 
is used for transportation. As I understand it, about 70 percent of 
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the gasoline that we use in this country is used for transportation, 
cars, automobiles and other forms of transportation. 

Those CAFE standards reduced the gasoline usage very, very 
substantially, but we haven’t done anything on it since then. But 
you just made the point a few moments ago that CAFE standards 
for light trucks, including SUVs, have gone up from 20.7 to 22.2 
by the year 2007. 

So 2 years from now, we will increase the CAFE standards for 
light trucks and SUVs by 1.5 miles per gallon, which is an in- 
crease. I don’t want to denigrate it, but it is an awful lot less than 
we could be doing and should be doing. 

If we were serious about trying to reduce our dependence on for- 
eign oil, we would be doing an awful lot more than that. Sixty per- 
cent of the oil that we use in this country now is imported, but that 
number is going to significantly increase in the years ahead. 

This is one of the basic elements of national security, which is 
not being addressed in that context. I just wish that the adminis- 
tration and this Congress would focus their attention on this issue 
much more than we have. 

Mr. Garman. I would — the National Highway Transportation 
Safety Administration, which promulgates corporate average fuel 
economy standards, in my understanding, is planning to shortly 
put out for public comment their new CAFE standard proposal for 
light trucks commencing in the year 2008 for public comment. We 
will be able to see what they are proposing and how they are look- 
ing to increase and improve the efficiency of the light truck market. 

Mr. Garman. We think the light truck market is key, because, 
frankly, we didn’t have light trucks in this country outside of a 
very small number used in farms and light industry until CAFE 
standards were adopted. Folks used station wagons. And ironic- 
ally — 

Representative Hinchey. I think you need to be very careful 
about that, establishing a causal relationship between the purchase 
of pickup trucks and the establishment of CAFE standards puts 
you on a very weak footing. 

Mr. Garman. I will say, and I would agree that that correlation 
does not necessarily mean causation. You are absolutely right, Con- 
gressman. But nevertheless, the sport utility vehicle market did 
not exist. And somebody with a family of five, such as mine, have 
a tougher time looking for the right kind of car, you know — I don’t 
have a lot of station wagons to choose from. Thankfully, some more 
are now coming into the marketplace that aren’t light trucks. And 
if you look — I guess my point, the interesting point is most of the 
petroleum use in the light-duty transportation sector has come 
from light trucks. SUVs, vans, cars are relatively flat. And if we 
can, if we can do something about the light truck sector, then that 
would be substantial. And that is why we have been focused on the 
light truck sector for corporate average fuel economic ruling. 

Representative Hinchey. Well, raising it by a gallon and a half 
in the next 2 years, after the next 2 years, is unquestionably a step 
in the right direction. But it is an awful small baby step in the 
right direction. 



18 


Let me ask you a question about buses and mass transit, because 
this is something that I think is very important, it gives us an op- 
portunity to do something constructive. 

We have been looking at this and we see that over 1,000 heavy 
duty urban transit buses have been sold in the United States and 
Canada as of July of this month. And there is a movement going 
on towards hybrid propulsion to power these vehicles that are used 
in metropolitan areas. And our information is that we could see an 
awful lot of reduction in fuel consumption through the use of these 
vehicles if these statistics are correct. 

Is there anything within the Energy Department now that is fo- 
cusing attention on mass transit, on these forms of hybrid buses, 
for example, in urban areas and also across the country? 

Mr. Garman. The heavy bus work is generally done in the De- 
partment of Transportation. I honestly don’t know the history of 
that. The focus of the Department of Energy has generally been 
light duty vehicles. The focus of the Department of Transportation 
research and development has been heavy duty vehicles. 

I would say that the hybrid bus program that you mentioned ap- 
pears to be fabulously successful and have a terrific impact. The 
early reports that I am hearing from fleets that have gone in this 
direction have been very favorable, not only in terms of fuel per- 
formance they are getting, but lower maintenance costs, higher 
availability, a whole host of reasons for transit authorities across 
the country to look very, very seriously at these new bus offerings. 

And I just commend the companies and others who have been in- 
volved in bringing these to the marketplace for doing that, because 
I think it can make an important contribution. 

In terms of the aggregate amount of oil we use, it is relatively 
small, but every bit helps, as you point out. 

Representative Hinchey. Yes. And you can make a big con- 
tribution, I think. In New York City, for example, there are 4,500 
buses just operating within New York City. And if you translate 
that to places like Los Angeles and Chicago and other places across 
the country, that number goes up significantly. So I am very happy 
to hear you say that. 

Mr. Garman. And one other point for everyone’s benefit, not 
only is there a fuel economy benefit, but, of course, an air quality 
benefit as well. 

Representative Hinchey. Yes. Absolutely, I thank you very 
much, sir. 

Representative Saxton. Thank you and we are going to move 
to our next panel. And on the way there, I am just going to empha- 
size something that my friend, Mr. Hinchey, said. He talked a little 
bit about the national security implications of this petroleum situa- 
tion. I am not an expert on these matters. But I am told that 
OPEC countries are sitting on 70 percent of the oil reserves that 
exist in the world, and that non-OPEC countries are therefore sit- 
ting on 30 percent of the reserve. 

I would make the case that through an intentional process, the 
OPEC countries today, with 70 percent of the oil reserves, are pro- 
ducing 40 percent of what the world uses, and non-OPEC countries, 
with 30 percent of the reserves produce 60 percent of what the 
world uses. This is a very troubling set of statistics because it ap- 



19 


pears that our friends in the OPEC countries who obviously think 
differently than we do on a number of issues have artificially con- 
trolled the price of petroleum and are one of the root causes of 
where we find ourselves — along with demand, the growth in the 
economies in places like China, which also has certainly contrib- 
uted. 

But when we see the countries that control 70 percent of the oil 
reserves producing 40 percent of what we use, this to me, is a big 
red flag that has been run up the flag pole and we need to be very 
conscious of this, and we need to take steps to mitigate this and 
to become energy independent. 

Representative Hinchey. Thank you for that conclusion, Mr. 
Chairman. We should perhaps stop holding hands with the King of 
Saudi Arabia. 

Representative Saxton. I would suggest you may be right. And 
unfortunately, we are wedded to him by petroleum at this point. 
So this is an important subject. 

Mr. Garman, thank you very much for being with us. We really 
appreciate your attendance and the information that you have 
brought us this morning. And we look forward to working with you 
on this subject as we move forward. 

Mr. Garman. Thank you, Mr. Chairman. 

Representative Saxton. We are now going to move on to our 
second panel. I would like to welcome Mark Chernoby, who is the 
vice-president of Advanced Vehicle Engineering at DaimlerChrysler 
corporation; Mary Ann Wright, director of Sustainable Mobility 
Technologies and Hybrid Programs from Ford Motor Company; and 
Tom Strieker, national manager of Technology and Regulatory Af- 
fairs, Toyota Motor company of North America. 

Representative Saxton. Also, Mr. Loper, you’re from 

Mr. Loper. I am from the Alliance to Save Energy and I will 
give more introduction. 

Representative Saxton. Very good. We will start with you 
then, Mr. Loper, if that is all right. And we will go from left to 
right across and then we will have questions for you. 

STATEMENT OF JOE LOPER, VICE PRESIDENT, 
ALLIANCE TO SAVE ENERGY 

Mr. Loper. Thank you Mr. Chairman. I am Joe Loper, vice 
president of the Alliance to Save Energy. I appreciate the oppor- 
tunity to speak with you today. The Alliance to Save Energy is a 
bipartisan, nonprofit coalition of more than 90 business govern- 
ment and consumer leaders. Our mission is to promote energy effi- 
ciency worldwide to achieve a healthier economy, a cleaner environ- 
ment, and greater energy security. 

We were founded in 1977 by Senators Charles Percy and Hubert 
Humphrey, and currently enjoy the leadership of Senator Byron 
Dorgan as Chairman, amongst many other distinguished Members 
of the Congress. 

Attached for the record are lists of the Alliance’s board of direc- 
tors and its associate members. For the last 4 years, Congress and 
the President and groups like ours have spent innumerable hours 
trying to agree on ways to address the Nation’s dependency on oil 
and its adverse impacts on climate and air and water quality. 
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There has been much discussion about how to ease the burdens on 
States and cities trying to meet Clean Air Act requirements and 
who is going to pay for leaks from underground storage tanks. 

Congress has even debated several measures to reduce green- 
house gas emissions. Meanwhile we have watched oil prices climb 
from $30 to $60 per barrel, as oil supplies get rocked almost daily 
by events that are largely out of our control. These range from Ven- 
ezuelan uprisings to hurricanes in the gulf of Mexico, to the grow- 
ing demand for oil in China. 

With less than 2 percent of the proven oil reserves within our 
borders, we have limited control over our oil supplies and prices. 
We can, however, control our demand for oil. That makes this hear- 
ing particularly important. Given that the transportation sector ac- 
counts for two thirds of U.S. oil use and that passenger cars and 
light trucks consume 40 percent of that oil use, it is critical that 
we address vehicle fuel use. 

We applaud the efforts of Congress to address the Nation’s en- 
ergy challenges in the current conference energy bill. The tax in- 
centives for hybrid and advanced diesel vehicles, along with tech- 
nology, research and demonstration programs are certainly useful. 
However, we cannot pretend to think that the bill before Congress 
will have any significant impact on U.S. petroleum use. 

In fact, when it came to addressing energy use in vehicles, Con- 
gress flat out missed the onramp. Most, if not all, of the oil savings 
in the conference energy bill will be cancelled out by the increased 
energy use resulting from extension of the corporate average fuel 
economy credit for dual-fuel vehicles. This provision, as many of 
you are familiar with, will allow vehicle manufacturers to take 
credit for vehicles that are capable of, but almost never do, run on 
alternative fuels. 

As Mr. Garman noted earlier, many consumers are buying alter- 
native fuel vehicles without even knowing it. And if a large per- 
centage of the vehicles are already capable — alt-fuel capable — then 
one has to ask the question whether we need government incen- 
tives to encourage more. It seems to us that incentives to develop 
the infrastructure, as proposed in the Chairman’s bill, would make 
far more sense. 

There is no shortage of technologies to improve vehicle fuel effi- 
ciency. Many of these technologies are already in the vehicles, in 
fact. And other technologies are being pulled off the shelf and in- 
creasingly deployed in new vehicles. They include variable cylinder 
management, hybrid drive trains, regenerative braking, and a host 
of other technologies that I won’t inventory today. 

These are not pie-in-the-sky technologies. They are not expensive 
gimmicks, but rather, they are technologies that are here now. On 
the horizon we have plug-in hybrids and hybrid and fuel cell vehi- 
cles which have also been mentioned. 

But while advanced technologies have been incorporated into ve- 
hicles and will continue to be deployed in vehicles, we are not get- 
ting more miles per gallon as a result. In fact, the average fuel 
economy in miles per gallon of model year 2004 vehicles is 6 per- 
cent lower than in the 1987 to 1988 model years. Instead of getting 
better fuel economy, we are getting more towing capacity, we are 
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getting more acceleration, we are getting more weight, we are get- 
ting more space. 

For example, America’s best selling truck, the Ford F-150, claims 
almost 5 tons of towing capacity. That is enough capacity to pull 
a 36-foot horse trailer with 4 horses in it. The average passenger 
car sold today has about 185 horsepower, which is 40 percent more 
than a car sold 15 years ago. It is the same horsepower as a large 
Caterpillar bulldozer. 

This decade looks like it could displace the 1960s as the decade 
of the muscle car. According to the classic car and vintage auto- 
mobile registry, more than half of the fastest production car models 
offered since the 1960s have been offered since the year 2000. In 
other words, the number of production hot rods offered in the last 
5 years exceeds the number offered in the last 4 decades. 

Vehicle fuel economy is a huge reservoir of low-cost energy wait- 
ing to be tapped. According to EPA estimates, if automakers had 
applied the technology gains made since 1987 to improving fuel 
economy, average fuel economy would be 20 percent higher. 

If the Nation had taken this path, we could be consuming be- 
tween 1 and 2 million barrels per day less than we are. That is 
equivalent to the more optimistic estimates of the resources from 
the Arctic National Wildlife Refuge. 

For the last 20 years, the Nation’s oil policy has, in effect, been 
made in America’s car showrooms. It is time for the Federal Gov- 
ernment to provide more guidance in the vehicle marketplace. 
There are many policies that could be employed to ensure that at 
least a position of these advances get used to improve fuel econ- 
omy. These policies are familiar, in fact, perhaps too familiar. 

Between 1975 and 1985, fuel economy standards were used to 
help achieve a 70-percent improvement in new vehicle fuel econ- 
omy. Since the mid-1980s, CAFE standards have been unchanged 
due to political pressure. The current standard of 27.5 miles per 
gallon for cars, for passenger cars, has been in place since 1985. 
The current 21-miles-per-gallon standard for light trucks is only 
0.5 miles a gallon above the 1987 standard. To the extent that fuel 
economy standards are based on fuel economy levels that were 
achievable 2 decades ago, their effectiveness is seriously under- 
mined. 

There are some loopholes that also need to be addressed with the 
CAFE standards. Old testing methods for one: EIA estimates that 
the actual fuel economy of vehicles is about 20 percent lower than 
the CAFE standard test result suggests. In other words, a 27.5 
miles-per-gallon CAFE standard is really equivalent to a 22 miles- 
per-gallon standard. Fuel economy testing methods should be re- 
vised to better reflect real world driving. 

Fuel economy standards allow vehicles classified as trucks to 
meet less stringent standards than are imposed on passenger cars. 
When this loophole was created, less than 1 quarter of light duty 
vehicles sold were classified as trucks. Now, fully half the vehicles 
sold receive this special designation. Most of these trucks are sport 
utility vehicles and minivans that are primarily, if not exclusively, 
used for transporting passengers. As noted earlier by Mr. Garman, 
it is easier to put station wagons on truck chasses than to increase 
fuel economy under the current regime. This needs to be fixed. 
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Vehicle manufacturers, as I noted earlier, receive credit against 
their fuel economy requirements for sales of dual fuel vehicles that 
can run on either ethanol or gasoline. We would argue that this 
should be terminated, at least modified, to require that the vehicles 
are actually using the alternative fuels for which they are getting 
the credit. 

Finally, large vehicles up to 10,000 pounds should be subject to 
the labeling and CAFE standards. 

Representative Saxton. Mr. Loper, I am sorry. I have been in- 
formed that we are going to have a series of votes around 12 
o’clock. And when we have a series of votes, it can take up to an 
hour, so I am going to ask you if you could summarize your state- 
ment so that we can move on to the other witnesses. 

Mr. Loper. To summarize, Government and industry have made 
great strides in developing technologies that can improve the fuel 
efficiency of the transportation sector. Many of these technologies 
are not, however, being widely used to improve the fuel economy 
of today’s vehicle fleet, instead they are being used to increase 
overall vehicle acceleration and power and size. 

Without government policy interventions, the next 20 years could 
be just like the last with fuel economy being sacrificed to increase 
acceleration, horsepower, weight and size. By widely using the tax 
code and increasing and reforming CAFE standards, we could 
begin to see improvements in the fuel economy of vehicles. 

Despite the arguments of the auto industry, these policies would 
not deny consumer choice. These policies would simply change the 
relative price of various vehicle amenities. They would make in- 
creased fuel economy less expensive and would make hot rods and 
large tow vehicles more expensive. They would make people think 
about how much car or truck they really need. They would encour- 
age manufacturers to make more vehicles with better fuel economy 
available to consumers, and then market them. 

Improving fuel economy is not a technical challenge. The tech- 
nologies are here. Rather, it is a matter of political priority and 
will. With the Nation continuing to rely on imported oil from vola- 
tile regions of the world and concerns about the impact of oil use 
on the environment quality and climate, it is increasingly impera- 
tive that our Nation translate more of our technical advances into 
improvements in fuel economy. I appreciate the opportunity to 
speak with you. 

Representative Saxton. Thank you, Mr. Loper. 

[The prepared statement of Mr. Loper appears in the Submis- 
sions for the Record on page 45.] 

Representative Saxton. Mr. Strieker. 

STATEMENT OF TOM STRICKER, NATIONAL MANAGER, TECH- 
NICAL AND REGULATORY AFFAIRS, TOYOTA MOTOR NORTH 

AMERICA, INC. 

Mr. Strieker. Good morning and thank you for the opportunity 
to be here today. 

Representative Saxton. If I may just reiterate this, we prob- 
ably have about an hour to finish up here or maybe a little bit less. 
So if you could summarize your statements in 5 minutes or so, we 
would appreciate it. 
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Mr. Strieker. Certainly. I will submit the full statement for the 
record. 

My statement today was going to address fuel cell vehicles, diesel 
vehicles and hybrid vehicles. I will just quickly summarize a couple 
of comments on fuel cells and diesel vehicles, and then I will spend 
the 5 minutes on hybrid vehicles. 

On the fuel cell side, obviously the vehicles offer great promise, 
as Mr. Garman mentioned, for eliminating the vehicle from the en- 
vironmental equation, assuming that hydrogen can be made in a 
clean way. There are a lot of challenges, still, to the marketability 
of hydrogen. In fact, the biggest challenge we see on the vehicle 
side is the storage of hydrogen on the vehicle to improve the range 
of the vehicle. 

There are infrastructure issues as well in terms of establishing 
the infrastructure and producing hydrogen in a clean way, as I 
said. 

On the diesel side of the technology equation, of course, diesels 
are very popular in Europe right now but we see some uncertainty, 
in just how extensively light diesel vehicles will penetrate the U.S. 
market. Market demand is not really clear to us right now. The 
fuel price advantage and tax policies that exist in Europe aren’t 
present here for diesel fuel. And really the big challenge for diesel 
in the U.S. market is meeting EPA’s tier 2 emissions standards for 
2007 and beyond. 

As you know, Toyota is aggressively pursuing hybrid technology 
because we feel it can provide increased fuel economy, reduce fuel 
consumption, cleaner emissions and improve vehicle performance 
without changes in refueling infrastructure. 

Hybrids combine an internal combustion engine with an electric 
motor and a battery. There are several types of hybrid systems 
that are out there, and their differences are important in terms of 
their costs and benefits. 

Toyota’s Hybrid Synergy Drive that we market here in the 
United States, is what is called a full or strong hybrid. The advan- 
tage of that type of system is that the vehicle can operate on the 
battery alone, electric motor alone, or the internal combustion or 
combinations of the two power sources. The ability to operate on 
the electric motor only is the key to achieving the significant fuel 
economy improvements. 

In addition, braking energy is captured and reused to recharge 
the battery and, of course, the vehicles never need to be plugged 
in. It is amazing how many people still don’t know that. 

Representative Saxton. Would you say that again? I didn’t 
quite get that. 

Mr. Strieker. The hybrid vehicles don’t need to be plugged in. 
On our system, the battery is recharged while braking, called re- 
generative braking, and also we use the gasoline engine at times 
to recharge the battery. So no plug in is required. And a lot of peo- 
ple don’t understand that about hybrids. They still think there is 
a little yellow cord that they have to plug into the wall. 

Since we first introduced the Prius in Japan in 1997, we have 
made substantial improvements. The first generation was a sub- 
compact car rated at about 42 miles per gallon that met low-emis- 
sion vehicle requirements. Acceleration from 0 to 60 was about 14.5 
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seconds. With each subsequent generation of Prius, we have in- 
creased size, performance and fuel economy while lowering emis- 
sions. The current Prius is a mid-sized sedan with an EPA rated 
fuel economy of 55 miles per gallon and goes from 0 to 60 in about 
10.5 seconds. Compared to the average mid-sized car, Prius saves 
about 350 gallons of gasoline per year. Today’s Prius meets Tier 2 
bin 3 levels, making it about 50 percent cleaner for smog forming 
emissions than the tier 2 bin 5 level, which is what the average 
new car will be required to meet in 2007. 

The major reason that we focused on hybrids rather than diesel 
for the U.S. market is that we achieve the fuel savings, plus there 
really isn’t any question about whether you can meet the emission 
standards or even exceed the current emission standards. 

And the market has begun to react. The sales of 2005 alone 
equaled the total sales for the previous 4 years. However, it was 
mentioned earlier today despite this relative success, the hybrid ve- 
hicles still make up only about 1 percent of the annual vehicle 
sales in the country. 

Earlier this year, we announced two new hybrids. In April we 
launched the Lexus RX400h SUV, and in June, the Toyota High- 
lander Hybrid. 

The Lexus RX400h is an all wheel drive system, so it combines 
the gasoline engine with a front motor and a rear motor. And the 
result is a V-6 SUV that gets superior fuel economy. It gets the 
same fuel economy as the average compact car. Yet it has the accel- 
eration and performance of competing V-8s. We estimate the 
RX400h saves about 350 to 400 gallons per year of fuel compared 
to comparable luxury SUVs. 

And further, it is certified to the tier 2 bin 3 level as well, just 
like the Prius. 

The Highlander Hybrid is available in two- or four-wheel drive, 
and basically has similar environmental performance. 

We envision a day when consumers will be able to choose from 
a hybrid power train option just like they currently select between 
a 4 cylinder, or 8 cylinder conventional engine. With that in mind, 
we have recently announced the upcoming production of two addi- 
tional models, the Lexus GS450h, which is a luxury Sedan and the 
Toyota Camry. And the Camry will be our first hybrid produced 
here in the United States at our Georgetown, Kentucky plant. We 
expect these vehicles, as well, to have superior fuel economy per- 
formance. 

And the final point I want to make about hybrids, and I think 
Mr. Garman mentioned as well, concerns its applicability in the fu- 
ture to a wide range of power trains, including fuel cells. Some 
view hybrids as a temporary measure that is going to be replaced 
eventually by fuel cells. We view the hybrid technology as an inte- 
gral part of the future fuel cell vehicle. The only fundamental dif- 
ference right now between our hybrid system and our fuel cell hy- 
brid vehicle, the FCHV is that the gasoline engine is simply re- 
placed by the fuel cell stack, a slight oversimplification, but essen- 
tially that is the only difference. 

The hybrid portion of the system remains effectively unchanged. 
So the battery improvements and technology development and con- 
trol systems improvements and our experience in the production 
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phase of these components, and cost reductions that we are able to 
achieve will all be applicable directly to fuel cells in the future as 
we see it. 

So in summary, we view hybrids as a core technology as we pur- 
sue more sustainable transportation. The reality is that various 
types of power trains and fuels are likely going to be needed to ad- 
dress the energy issues that we are here to discuss and public 
health concerns. Which technology is eventually going to win out, 
and when they win out, depends really on our being able to develop 
a product that meets consumer expectations at a reasonable cost 
compared to the other alternatives that are going to be out there. 
This concludes my remarks. Thank you. 

Representative Saxton. Thank you very much, sir. 

[The prepared statement of Mr. Strieker appears in the Submis- 
sions for the Record on page 49.] 

Representative Saxton. Ms. Wright. 

STATEMENT OF MARY ANN WRIGHT, DIRECTOR, SUSTAINABLE 

MOBILITY TECHNOLOGIES AND HYBRID AND FUEL CELL 

VEHICLE PROGRAMS, FORD MOTOR COMPANY 

Ms. Wright. Thank you. My name is Mary Ann Wright. I am 
with Ford Motor Company, and thanks for including me in the 
hearing today. Energy security and rising fuel prices are significant 
issues facing our Nation. Industry, Government and consumers all 
have important roles to play in addressing our Nation’s long-term 
energy needs. We, as industry, should continue to invest in the de- 
velopment of energy efficient technologies that provide cost-effec- 
tive solutions for our customers. And government needs to take 
steps to bring advanced technologies to market more quickly and 
cost effectively through customer incentives. Ford is committed to 
improving vehicle fuel economy by developing a portfolio of fuel ef- 
ficient advanced technology vehicles. 

Product solutions to improve fuel economy must result in vehi- 
cles that customers can afford and they are willing to purchase be- 
cause they want to drive them. We know that when consumers con- 
sider purchasing a vehicle, they are concerned with affordability, 
quality, reliability, styling, safety and appearance. So from our per- 
spective, we can’t compromise on any of those important attributes. 

Our vision for the 21st century is to provide transportation that 
is affordable in every sense of the word, socially, environmentally, 
as well as economically for business sustainability. In other words, 
sustainable transportation. And we need to do that by offering in- 
novative technology that makes a difference for our customers and 
the world in which they live in, and it is not just the right thing 
to do. It is smart business for us. 

As a result, we are doing substantial development work with re- 
newable fuels and four advanced powertrain technologies, including 
gasoline electric hybrids, clean diesels, hydrogen-powered internal 
combustion engines and hydrogen fuel cell vehicles. 

We do believe that renewable fuels will play an increasingly im- 
portant role in addressing U.S. energy security and energy diver- 
sity. All of our gasoline vehicles are capable of operating on blends, 
including up to 10 percent renewable ethanol. In addition, Ford has 
produced approximately a million and a half flex fuel vehicles capa- 
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ble of operating up to 85 percent ethanol. Overall, the industry has 
seen about 5 million vehicles. 

Now, in our Ford fleet today, the Taurus, the Explorer and the 
Mountaineer are flex fuel vehicles. Next year, the vehicles that will 
be offered as flex fuels are the F-150, the Crown Vic and the Grand 
Marquis. I think — although the number of E-85 vehicles continue 
to grow, there is less than 300 of these fueling stations in the coun- 
try. We are working with the various States that are major ethanol 
producers, such as Illinois. And we are working to increase con- 
sumer awareness that these alternatives do exist out there. 

We are also at the leading edge of hybrid vehicle development. 
Ford Escape Hybrid and Mercury Mariner hybrid are great exam- 
ples, our hybrid SUVs can do virtually anything that the regular 
gas Escape Mariners SUVs can do, but with approximately 75 per- 
cent better fuel economy in city. And I also want to tell you that 
it only produces one pound of smog forming pollutants over 15,000 
miles of driving. And I am also very proud to say that we have over 
139 patents that my engineers and scientists developed in creating 
the Escape Hybrid, which I want everybody to recognize was engi- 
neered here in the United States and is the only full hybrid SUV 
produced here in the United States in our Kansas City assembly 
plant. 

Additionally, over the next 3 years, we are going to have three 
other hybrids joining our fleet of vehicles. We will include the 
Mazda Tribute, and then we will be taking our next generation 
technology and putting that into our new Ford Focus and Mercury 
Milan. And again, we are emphasizing in-sourcing and bringing in 
house this technical capability. 

Much of what we have learned in developing these hybrids will 
help us as we explore other advanced technologies. Nevertheless, 
the key challenge facing hybrids is incremental costs, both in terms 
of the higher prices for the components as well as the engineer ex- 
penses associated with it. And that needs to be overcome for the 
technology to transition into what I call mainstream product viabil- 
ity. 

We are also working on advance light duty diesels. Today’s clean 
diesels offer exceptional driveablity and can improve fuel economy 
by 20 to 25 percent. All you have to do is go over to Europe and 
look under the hood of about half the vehicles over there and it is 
demonstrated. I think, as we said today, in the interest of time, I 
think the key challenges ahead of us are the incremental costs and 
the infrastructure associated with the clean fuel and the after 
treatment. 

We are also working on what we think is the next step on the 
road to sustainable transportation, and that is hydrogen powered 
internal combustion engines. We are a leader in this technology. 
And we do think that it is a bridge to the development of a hydro- 
gen infrastructure, and ultimately the fuel cell vehicles. We re- 
cently announced that we are developing hydrogen powered E-450 
shuttle buses that we are going to be putting into demonstration 
fleets across North America. We have a fleet that will be down in 
Orlando at the airport, and we also have a fleet out in California 
as well as working with the Dallas Airport Authority. 
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And what this will do for us is, as we are maturing the fuel cell 
technology itself, allows us to focus on things like infrastructure de- 
velopment, as well as one of our key technical challenges, and that 
is fuel range. 

Further down the road, hydrogen-powered fuel cells appear to be 
another promising technology for delivering sustainable transpor- 
tation. Hydrogen can be derived from a wide range of feed stocks 
to increase energy diversity, and fuel cells are extremely efficient 
and produce no emissions. The Ford Focus Fuel Cell vehicle is a 
state-of-the-art hybridized fuel cell system which is being deployed 
right now across the United States. We are putting a fleet in Cali- 
fornia, Southeast Michigan, and Florida. We have a fleet already 
deployed in Vancouver, Canada as well as Germany. 

Fuel cells are promising but there is also a lot of vehicle and in- 
frastructure challenges that must be addressed before they can 
reach commercial viability. Frankly, that is cost, reliability, and 
feed stocks. 

We also need to ensure that we get the appropriate infrastruc- 
ture developed. 

Solutions will require technological breakthroughs and the con- 
certed efforts of Government, the auto industry and energy pro- 
viders. 

In conclusion, our objective is simple. We need to give consumers 
more of what they want, which is performance driveablity, afford- 
ability, utility and a cleaner environment. Advanced vehicle tech- 
nologies can increase fuel efficiency without sacrificing these at- 
tributes. 

We support policies that promote research and development of 
advanced technologies in the development of renewable fuel 
sources. In addition, market-based consumer incentives need to be 
a key element of a coordinated strategy, effectively address stable 
transportation and energy security. Consumer tax credits for ad- 
vanced vehicles will help consumers overcome initial cost pre- 
miums associated with early market introductions, bringing more 
energy efficient vehicles into the marketplace more affordably and 
at higher volumes. Ford Motor Company believes that the current 
U.S. energy bill contains many important policies and incentives to 
address our Nation’s energy needs, and we encourage Congress to 
pass this legislation. Thank you. 

[The prepared statement of Mary Ann Wright appears in the 
Submissions for the Record on page 53.] 

Representative Saxton. Mr. Chernoby. 

STATEMENT OF MARK CHERNOBY, VICE PRESIDENT, 

ADVANCED VEHICLE ENGINEERING, DAIMLERCHRYSLER 

CORPORATION 

Mr. Chernoby. Thank you, Mr. Chairman, and distinguished 
Members of the Committee. I want to thank you for the oppor- 
tunity to appear today. I am going to be as brief as I can because 
I know we are time limited and try not to be repetitive. 

At DaimlerChrysler we agree with many of the points of view 
that my colleagues have made this morning. It is interesting to 
note while oil prices are high and we take a look at the overall 
metrics of the auto industry and the economy actually total vehicle 
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sales in June are up 2 percent. Market share of trucks is actually 
slightly higher than the prior year. So, to us, that doesn’t mean 
that we can sit on our laurels and not work on these advanced 
technologies. In fact, just the opposite. 

DaimlerChrysler is absolutely focused on creating and then sup- 
plying a very broad portfolio of technologies because in the end, 
what matters is market penetration. If we don’t have market pene- 
tration of both the vehicle and then the fuels in the vehicle, we will 
not see the benefits to the environment nor will we see the reduc- 
tion in oil consumption in this country. So we absolutely must suc- 
ceed, and DaimlerChrysler, like my peers have said, will not pick 
which technology will win. The consumer is going to do it. So we 
are definitely focused on continuous improvement of IC engines as 
the Chairman mentioned, things like cylinder deactivation, in our 
5.7 liter HEMI, have provided millions and millions of gallons of 
fuel savings already in the marketplace today, not tomorrow. We 
are focused on light-duty diesels. We think they have an excep- 
tional place in the market. Again, it is going to be providing the 
highest value to the consumer. 

Hybrids provide tremendous value to the customer who drives in 
city environments. Unfortunately on the highway, at high speeds, 
a hybrid can be nothing more than hauling around an extra 400 
or 500 pounds in the vehicle with very little benefit. This is the 
place where we think diesel or cylinder deactivation technologies 
provide an excellent benefit to the consumer. So we are focused on 
providing a range of technologies in all these areas. Hybrids as 
well. 

DaimlerChrysler has announced a joint program with General 
Motors. We think we have come up with a program that will allow 
us to get scale of volume, and as Ms. Wright mentioned, a lot of 
this is about component costs. We have to get a cost-effective sys- 
tem out there. We believe that the program we have done with 
General Motors will help us get this scale of volume and reduce 
costs so we can have a viable business case. 

As the Under Secretary mentioned, we must have a business 
case to remain a viable entity and it is all about coming to the mar- 
ket at the right time at the right scale of volume to make that hap- 
pen. 

DaimlerChrysler is also very focused on collaborative efforts on 
fuel, things like biodiesel we think is an excellent example of an- 
other alternative fuel. We talked about renewable fuels earlier and 
FFE, we think ethanol is also an excellent alternative for the cus- 
tomer. And that is why we built more than a million and a half 
ethanol vehicles out there for the customer to consider. These vehi- 
cles are on the road today. 

But as was mentioned, unfortunately the fueling infrastructure 
is not there for these vehicles to actually realize the benefits to the 
environment or reductions in oil consumption. 

And then finally, I want to mention one more technology. We 
cannot forget about things other than the propulsion system. We 
must remember the weight of the vehicles, advance materials are 
a very important part of our pre-competitive research that we do 
jointly with the government through the Department of Energy. If 
we can drop vehicle weight, and implement technologies which en- 
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able aerodynamics, we will also realize incremental benefits, be- 
cause in the end, I don’t think there is going to be any one answer 
that is going to fix this problem. It is going to be a lot of little 
things that will add up. 

In closing, DaimlerChrysler is also very focused on the longer- 
term approach with hydrogen fuel cells. We spent more than a bil- 
lion dollars in R&D on this effort. We have the largest worldwide 
fleet out there in three different continents. And then we partici- 
pate very strongly in the Department of Energy’s efforts, both in 
the demonstration program and in the pre-competitive research. 
Because in the long run, we do agree that this is probably the key 
technology that is going to break the entire subject loose 20, 30 
years from now. 

With that I want to thank the Committee for allowing us to 
speak today. And we must continue to work together to support the 
joint programs of government, academia and industry to ensure 
that we tap the best resources this country has to offer to find the 
answers to these difficult questions. Thank you. 

[The prepared statement of Mark Chernoby appears in the Sub- 
missions for the Record on page 54.] 

Representative Saxton. Thank you all very much. 

My other job here is to be a member of the Armed Services Com- 
mittee and it is really encouraging to see the kinds of advancement 
in technology that you have each talked about. And on the Armed 
Services Committee last week, or perhaps earlier this week, we 
were trying to solve a problem that has to do with the security of 
our Marines. And I was made aware that there is a weapons sys- 
tems which has been designed and prototyped called the Thunder- 
bolt, which is a 40,000-pound tracked vehicle that is driven by a 
hybrid electric engine. And I was actually shocked to find that out, 
because I didn’t know that that kind of technology actually exists. 
And that engine will drive that vehicle for 600 miles with 140 gal- 
lons of diesel, and it will go 60 miles per hour. 

I learned this because we are going to try to produce this system 
for an armored vehicle for our Marines. And when I found out that 
that technology actually exists today, I was surprised, and of 
course, heartened that there is a future going down this road. So 
I am really taken with what I have learned here in the last few 
months about the technologies that have been developed both in 
this country and overseas. 

And as I look at the chart — I wonder if we could get that chart 
back up. Thank you. 

As I look at the chart, and, going forward, it is very encouraging 
to see that as was noted earlier, maybe by 2025, or thereabouts, 
2030, we would begin to see that we really have a significant po- 
tential for dropoff in our dependence on petroleum. 

But in the short term, these technologies apparently are not ex- 
pected, at least by the Department of Energy, to be players in a 
major way that will reduce our dependence on foreign oil. And as 
I mentioned earlier, we do have some technology which Ms. Wright 
spent some time talking about, and Mr. Loper mentioned it also, 
although in a not so positive way. Flex fuel vehicles, which rep- 
resent a technology that is available today, which could make a sig- 
nificant difference if, as Mr. Loper suggested, and as my bill sug- 
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gest, we had an infrastructure to deliver — to deliver this fuel with 
alcohol and I am wondering what is your take on this? 

Mr. Strieker, you, and Ms. Wright and Mr. Chernoby, you all 
talked about hybrid vehicles and fuel cell vehicles as being the an- 
swer in the future. We have some immediate needs. How can we 
solve this problem with the immediate need given the fact that we 
have technology available today that could, if managed correctly, I 
believe, solve the problem short term? Or at least help solve the 
problem short term? 

Mr. Strieker. I would make two points in response to the ques- 
tion. I wasn’t able to see this chart when I was sitting down, so 
this is the first time I have glanced at it. But one point I would 
note is the hybrid vehicle case there is not insignificant, and it is 
fairly near term. So I think from our view, while hybrids are just 
now starting to penetrate the market, it depends on your definition 
of “near term.” I think we see it as a very viable technology that 
can, as that chart reflects, provide some significant reductions in 
petroleum. 

On the issue of flex-fueled vehicles, in particular, Toyota does not 
currently make flex fuel vehicles here in the United States and you 
wouldn’t see one out there on Independence Avenue driving by. The 
problem, as your legislation apparently tries to address, is the 
availability of the fuel. We don’t see a real need, per se, right now 
or benefit to adding the extra cost to the vehicles and putting a 
whole bunch of vehicles out there when there really isn’t any fuel, 
so I think we would be interested in looking more closely at your 
bill to see how that might spur some of the fuel to actually get out 
there. 

Representative Saxton. What is the cost during the manufac- 
turing process to build a car or a vehicle that can burn E-85? 

Mr. Strieker. My colleagues will have to answer that because 
we don’t currently make that. 

Representative Saxton. Before you get to that question, what 
are the prospects, short term, in the next, say, 5 years of making 
a difference with flex fuel cars? 

Mr. Chernoby. From a Daimler Chrysler perspective, I would re- 
spond to a couple of your statements. I don’t know the exact num- 
ber of the cost, but essentially it is the difference in the E-85 flex 
fuel vehicle, that was mentioned earlier it is a question that num- 
ber one, sensing the field, whether they use a sensor or software. 
And the other thing is you have to change some materials to han- 
dle the more corrosive nature of the fuel and throughout the fuel 
system and into the engine. 

But the bottom line to think about is those changes and those 
technologies are things we can buy at high volume today. We could 
do it now. We can turn the spigot on at greater numbers than we 
are doing today. And the costs are a minimum of a decimal point, 
if not more than a decimal point different than the hybrid tech- 
nology. 

Even if we wanted to crank up if the demand was there in the 
market at a cost where we could recover in a business case, even 
if you wanted to crank it up by multiple volumes today, you 
couldn’t because the component supply base is not there. It takes 
time for infrastructure and industry to build up the capability to 



31 


build technologies and volume and that is where the FFE and the 
ethanol example is an interesting one, because those technologies 
at high volume, I think, could be reached in a much faster than 
time if we wanted to build more vehicles than we are building 
today and at a much higher value quotient than we can with the 
hybrid technology as it stands today. 

Now obviously, those costs can change in the future as the scale 
of volume of the hybrid components increases. 

Ms. Wright. I agree, I am not going to repeat everything he said. 
It is primarily in the fuel system. I actually did the 2000 Taurus 
flex fuel so I lived through that. And Ford is very committed to the 
flex fuel market. We will be producing the F-150s, the Crown Vies 
and Grand Marquis in significant quantities. I think the key is pro- 
viding awareness to customers that this is out there and what the 
benefits are. 

The infrastructure, we all understand what the issues are there. 
I think Mark is absolutely right and that is that, in addition to not 
having frankly an onshore capable supply base to help boost the 
economic and the technical viability, we also have a skillset short- 
fall here in the United States. My group is growing exponentially 
as we continue to develop more hybrids and more of our advanced 
technologies. I am struggling, quiet frankly, to get the skillsets that 
I need to fill the technical positions. It is a real dilemma that we 
have here. 

The business case cannot be ignored. And one of the things that 
we are very — one of my top priorities frankly is working with our 
domestic supply base to help develop that capability so that I can 
leverage them as well as the universities to help fill these gaps so 
that we can get these to a more commodity-like alternative. 

Representative Saxton. You are talking now about hybrids? 

Ms. Wright. Hybrids, and frankly all of our advanced tech- 
nologies. I think someone, I don’t know if it was Mr. Garman or 
it was perhaps you who had talked about the components of these 
technologies that frankly go across the whole span of the tech- 
nologies, power electronics, control architecture, advanced propul- 
sion, those are consistent whether you are talking about hybrid 
electrics, fuel cells or hydrogen internal combustion engines. And 
there are skillsets that we need to build all of those alternatives. 

Representative Saxton. So we all agree that short-term tech- 
nology exists to make a real difference through flex fuels, however, 
the supply of flex — of ethanol is a huge problem. Producing and de- 
livering it are two separate problems, right? 

Ms. Wright. Right. 

Representative Saxton. Mr. Hinchey. 

Representative Hinchey. Mr. Chairman, thanks, thank you all 
for the presentation. They were very, very interesting. Let me just 
ask you a very simple and direct question first off. What is the en- 
ergy industry’s position with regard to increasing CAFE standards? 
Mr. Strieker, do you want to start? 

Mr. Strieker. Well, I can speak to Toyota’s position. I won’t 
speak for the entire industry. I am not here to represent the whole 
industry today. 

Toyota has always exceeded the CAFE standards for both pas- 
senger cars and light trucks. There was mention earlier today 
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about the growing market share of light duty trucks, and that is 
the reality that we are facing today and that is one of the reasons 
that Toyota has gone into the SUV market with hybrids to try to 
get the technology out there in the truck sector so that there are 
real options out there in order to improve fuel economy on those 
vehicles. And it has been mentioned several times, even, I think by 
the Members of the Committee, that trucks are really where the 
focus needs to be. Our passenger car CAFE today is, of course, in 
two separate fleets. There is an import fleet and a domestic fleet, 
the way the legislation and regulations are set up. But our CAFE 
stands at about 33, 34 miles a gallon compared to 27.5-miles-per- 
gallon standard. And the industry, as a whole, does fairly well on 
passenger car CAFE. But the issue does seem to be light trucks. 
And that is one of the reasons that we are trying to get the hybrid 
technology out there and have it be an option and tool that is avail- 
able. 

Ms. Wright. I am going to be quite candid with you. I am Ford’s 
top engineer for all the advanced technologies and the strategies, 
so I am not the CAFE expert, and I am frankly not prepared to 
provide our perspective on that. But we can follow up in writing. 

[The information requested from Mr. Hinchey appears in the 
Submissions for the Record on page 61.] 

Representative Hinchey. Thank you. 

Mr. Chernoby. And unfortunately, I am going to have to ditto 
Ms. Wright. I am the vice president of vehicle engineering. I am 
not on the regulatory side. So certainly we can provide input. 

Representative Hinchey. Mr. Chernoby, DaimlerChrysler is 
doing a lot of work with hybrid buses, and as you pointed out in 
your testimony, this is an area where the hybrids really make 
sense, in your urban areas. 

Can you give us a little update on where you think this is going 
and what DaimlerChrysler is doing to move this forward, to put 
more of these vehicles in cities across the country? 

Mr. Chernoby. As you know, DaimlerChrysler is very much a 
worldwide leader in terms of heavy fleet vehicles, and buses are no 
exception. Like you said, we think it is just a fabulous application, 
it is absolutely stop-and-go driving so there is tremendous amounts 
of energy that can be captured and stored back in the electrical 
system. 

DaimlerChrysler is doing everything we can to make that tech- 
nology available at volume quantities and in every one of the buses 
we built, but we are not going to stop there. We have actually got 
many, many buses running around the world, and like Ms. Wright 
and Mr. Strieker said, many of the same components can be ap- 
plied to the hydrogen fuel cell vehicle as well. 

And that is what we have done. We actually have hydrogen fuel 
cell buses running in many sectors over the world, and we think 
that is the next step answer even above the hybrids, but certainly 
the technology is there. We are ready to put the product out there 
for the market. It is a matter of supply and demand. 

Representative Hinchey. What is the market? How are you 
dealing with mayors and city councils in places across the country 
where these kinds of buses would make sense to them? 
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Mr. Chernoby. I am not involved in those discussions. I can’t 
speak to that piece of it. But in certain areas certainly, the market 
has responded. But I think typically it has been due to a specific 
government focus and initiative in a local area. But I will certainly 
follow up and I will get you a response of what we are doing from 
a government perspective. 

Representative Hinchey. And you’re looking at it from a inter- 
national point of view, global point of view as well? 

Mr. Chernoby. Absolutely. 

Representative Hinchey. Mrs. Wright, the Ford Motor Com- 
pany has been very active for many decades in the European mar- 
ket and the European market has been much more conducive early 
on because of taxes and the price of fuel for vehicles that have 
higher fuel economy. Isn’t the Opel a Ford product? 

Ms. Wright. GM. 

Representative Hinchey. But am I wrong that you have been 
very active, Ford Motor Company, very active in the European 
economy? 

Ms. Wright. We are a very significant player in Europe and very 
significant players in the diesel market, yes. 

Representative Hinchey. Is there any transformation of the 
technology that has been successful over there, the cars that work 
over there that get much better fuel mileage than ours do over 
here? Any transfer of that technology back? 

Ms. Wright. I think it actually works both ways in answer to 
your question, yes, if you take a look at the diesels and the really 
terrific work that is going on over in Europe and we are planning 
on, you know, migrating it over to the United States. 

I think, quite frankly, we have a public perception, not just Ford, 
as an industry we have a public perception issue to overcome rel- 
ative to the reputation of diesels from 25 years ago. They were 
dirty and smelly and poor starting and poor performing. Well, any- 
more, most people who get into a diesel wouldn’t even know that 
they were in a diesel. Extremely efficient, extremely good on carbon 
dioxide emissions. 

Representative Hinchey. And the noise is down too. 

Ms. Wright. Oh, you can’t even tell. So yes, that technology 
transfer is taking place. 

Now, conversely, I have global responsibility for all our advanced 
technologies that I am, my group is working with all of our global 
brands, not only address the issues that are taking place here in 
the United States, but as well as the pressures that frankly are 
coming hard and fast over in Europe as well. 

Representative Hinchey. Thank you very much. 

Mr. Strieker, the issue that you talked about in the Lexus which 
is an interesting SUV, and you are presenting this as an SUV that 
has all the qualities of that kind of vehicle, but gets a lot more in 
gas mileage. Can you talk a little bit about that? 

Mr. Strieker. Sure, I would love to. 

The RX400h is a Lexus, mid-sized SUV. It has a combined EPA 
fuel economy rating of about 28 miles per gallon, which, as men- 
tioned in my prepared remarks, is about the average for a compact 
car today. It is an all-wheel drive system. One of the advantages 
of the all-wheel drive system aside from some performance en- 
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hancements and traction improvements, is the ability to recapture 
additional braking energy. 

With a front-wheel drive or a rear-wheel drive system, you only 
have two wheels with which you can capture braking energy. But 
with an all wheel drive system, you can capture energy from all 
four wheels improving the efficiency of the product. The 0 to 60 
time is just about 7.3 seconds, which is on par with a lot of the 
competing luxury SUVs. 

Representative Hinchey. And it makes sense out on the open 
road as well? 

Mr. Strieker. Yes, the comment earlier with respect to hybrids 
and city operation, our hybrid system performs better on fuel econ- 
omy in the city than on the highway. You can just look at the EPA 
ratings and see that. There is a lot more starting and stopping in 
city operation. Although, the system does use electric motor power 
during highway type operation. The other interesting point is, I am 
not really sure what is city and highway anymore when it comes 
to the real world. I live in an area out in Howard County, and I 
drive 35 miles to work each day and it is amazing if I can get over 
about 35 mile per hour, and I am on 1-95 or the BW Parkway, so 
it is really hard to say what is city and highway anymore. 

It is that way up and down the whole east coast, it is that way 
pretty much up two thirds of California as well. We think the tech- 
nology obviously provides terrific benefits, clean emissions, and we 
are heading in that direction as quickly as we can. 

Representative Hinchey. You almost have to get out into those 
red States to really experience it. 

Well, thanks very much. 

Mr. Loper, you made some comments on the energy bill, and our 
Chairman here is a leader in this regard, and as you heard him 
express himself today, he is very interested in producing legislation 
trying to deal with this problem from an immediate point of view. 

The energy bill just started on the floor about 10 minutes ago, 
and frankly, I think it would have been a great bill and very pro- 
gressive had it been introduced in about 1955, but I think it has 
a long way to go in trying to meet the demands of today. 

So would you comment a little bit for us, Mr. Loper, on what are 
the things we ought to be doing now to improve energy efficiency 
particularly in transportation? 

Mr. Loper. Well, as I suggested in my remarks, I think we are 
already doing a lot of things to increase efficiency. The problem is 
it is not being translated into fuel economy. And I am a little bit — 
I find this kind of graph, at least suspect. Hybrid vehicles have 
enormous potential and we are fully supportive of the technology 
and their deployment. But if the hybrid technology is used to bring 
Thunderbolt armored vehicles in and put them on America’s high- 
ways like the GM’s Hummer, then you are not going to get the fuel 
economy gains that are being predicted here. 

We have gone out and tried to look for new policies, magic bul- 
lets that would help us crack this nut, and quite honestly, we come 
back to the same very familiar policies that we are all aware of and 
can’t quite seem to get to. The National Academy of Sciences in 
2001 said that you could get CAFE to 30 miles per gallon combined 
fuel economy for trucks and cars and cost effectively for consumers. 
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When they did that study, gasoline prices were $1.30. They are 
well over that now — at my local pump they were $2.44 this morn- 
ing; and so the economics of high fuel economy vehicles has im- 
proved. The industry needs to bring more of them to market. They 
need to market those technologies as well. 

One of the other speakers mentioned the HEMI technology as a 
fuel-saving technology. I am a racing enthusiast and I watch the 
Speed Channel. The advertisements on the Speed Channel are not 
for HEMI trucks that get good fuel economy, they are for HEMI 
trucks that will beat you off the line. And I think that is sending 
the wrong message to American consumers and that Congress can 
help communicate a different message. 

Representative Hinchey. Certainly is reminiscent of the 
1950s. 

Mr. Loper. Yes. The good old days. 

Representative Hinchey. Or 1960s. 

Representative Saxton. I just have one further question. Mr. 
Chernoby, in your statement you mentioned that there was a tech- 
nology called two mode hybrid, and I understand that that involves 
having two electric engines in a transmission rather than one en- 
gine in an engine bay. 

Would you talk a little bit about this? I think I understand most 
of what was said this morning, but this was new. 

Mr. Chernoby. Try to make it in the simplest terms. Basically 
the two motors and where they are placed within the drive line 
with the transmission. Again, the joint program with General Mo- 
tors what it allows you to do is not only use hybrids in the context 
of the systems that are there in the market today, but also use 
those motors in conjunction with each other to actually shift the 
operation of the gasoline engine in higher speed highway environ- 
ments, and virtually all operating conditions to a much more effi- 
cient operating condition. The analogy would be somewhat similar 
to what you might do with a continuously variable transmission. In 
other words, actually shift the engine to a different RPM level 
where that engine runs more efficiently and then use those two 
motors to assist in making that happen. 

Representative Saxton. And so what are the advantages here, 
greater fuel efficiency? 

Mr. Chernoby. Absolutely yes, the engine is basically operating 
in a more efficient condition in addition to all the traditional hybrid 
operations that you get out of a hybrid. 

Representative Saxton. Mrs. Wright, you look like you are 
dying to say something. 

Ms. Wright. No. 

Mr. Strieker. I would just add, Mr. Chairman, that the Toyota 
Hybrid Synergy System is not architecturally exactly the same, of 
course, but it utilizes a generator to vary the gasoline engine speed 
to accomplish that effect of a continuously variable transmission as 
well. 

Basically there is certain speeds and loads at which the gasoline 
engine is most efficient. And if you can force the gasoline engine 
to operate in the most efficient range, then that obviously improves 
the efficiency over all of the system. So you can use a second motor 
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or generator to vary the speed of the gasoline engine to where it 
is most optimal. 

Representative Saxton. All right. Well, thank you all for being 
here, thank you for your interest and your hard work on what is 
obviously a tremendously important set of issues. We appreciate 
you sharing this information with us here this morning. And hope- 
fully we will find some ways to work together in the future to effect 
these efficiencies that you talked about today. Thank you very 
much. 

[Whereupon, at 11:58 a.m., the hearing was adjourned.] 
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Prepared Statement of Hon. Jim Saxton, Chairman, a U.S. Representative 

from New Jersey 

I am pleased to welcome Under Secretary Garman and the other expert witnesses 
before the Committee this morning. 

With oil prices in the neighborhood of $60 per barrel, it is not surprising that 
there is increased interest in fuel efficiency and alternative ways of powering cars 
and trucks. Increased demand for oil, especially from Asia, combined with the re- 
strictive practices of the OPEC cartel, have together created a situation where oil 
prices have spiked in recent months. With OPEC members only last December com- 
plaining about an “over-production” of oil, it is abundantly clear that we cannot de- 
pend on them to be reliable suppliers of petroleum. Unfortunately, according to 
many experts, OPEC and elevated oil prices may be with us for an extended period 
of time. 

Gasoline accounts for about 45 percent of American oil consumption each day, so 
it is appropriate to consider the long-term potential of alternative automotive tech- 
nologies that would reduce our dependency on oil. The purpose of this hearing is 
to explore these alternatives and examine which of them seem to be most feasible 
over the short, medium, and long terms. Greater efficiency in internal combustion 
engines, using methods such as shutting off half of the cylinders when maximum 
power is not needed, is already being realized. 

Flexible fuel vehicles capable of running on a mixture of gasoline and up to 85 
percent alcohol are also already in production. Recently I have introduced legislation 
to enhance tax incentives for the purchase of flexible fuel vehicles. U.S. auto compa- 
nies already make millions of flexible fuel vehicles that are only slightly more ex- 
pensive to produce than cars with conventional engines. 

The market for hybrid vehicles is also expanding far beyond small economy cars 
and promises additional savings. Small hybrid cars demonstrated the feasibility of 
this technology, and it is now being applied to mid-sized passenger cars as well as 
to SUVs. There are some exciting new refinements of hybrid technology that could 
produce significant increases in fuel efficiency. Perhaps in the future hybrid or elec- 
tric vehicles could even be recharged using the existing power grid. 

None of these technologies alone is likely to reduce our oil consumption signifi- 
cantly in the short run. But over the next decade, they could make a real difference, 
and synergies between them offer the potential for further gains. For example, im- 
proved efficiencies of the internal combustion engine could be combined with hybrid 
and other technologies to maximize fuel savings. 

Over the long run, the high price of oil is likely to create incentives for other tech- 
nological breakthroughs that will be more dramatic. Hydrogen fuel cells offer one 
promising technology for the long term. Since power can be most efficiently gen- 
erated in power plants, there are those who argue that a transition to hydrogen fuel 
cell or electric vehicles offers the most promise in coming decades. 

In any event, continued Federal Government and industry support for research 
and development, and the vision of entrepreneurs and inventors, are needed to en- 
sure that advancements in technology will enable us to eventually increase our en- 
ergy security. 


Prepared Statement of Hon. Carolyn B. Maloney, a U.S. Representative 

from New York 

Thank you, Chairman Saxton. The question of what role alternative automotive 
technologies will play in our energy future is an important one, and I hope we will 
be able to learn things from this hearing that can inform our future policy choices. 

( 37 ) 
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We are heavily reliant on oil to power our cars and fuel our lifestyle, and 58 per- 
cent of the oil we consume is imported, often from politically volatile regions of the 
world. Promoting conservation, raising efficiency standards, and supporting R&D 
can all play an important role in overcoming our dependence on oil and reducing 
our reliance on imports. 

Today, more than two-thirds of the oil consumed in the United States is used for 
transportation, mostly for cars and light trucks. Increasing fuel efficiency would 
lower pressures on oil prices, enhance our national security, curb air pollution, and 
reduce the emission of greenhouse gases, which cause global warming. Clearly, al- 
ternative fuel and automotive technologies are needed to help achieve these goals, 
but we cannot overlook the importance of other approaches. 

Corporate Average Fuel Economy (CAFE) standards for cars have remained static 
for two decades and average vehicle fuel economy has actually declined since the 
late 1980s when sales of SUVs began to climb. Car manufacturers could increase 
the average fuel economy from today’s 27.5 miles per gallon to 46 miles per gallon 
just by implementing existing technologies, according to a recent MIT report. This 
would reduce our dependence on foreign oil by three-fourths and cut greenhouse gas 
emissions by nearly a third. 

The auto industry is pursuing a variety of advanced vehicle technologies, such as 
hybrid vehicles, fuel cells, and hydrogen fuel. While hybrid vehicles have received 
a lot of attention, they still make up only about 1 percent of the 17 million vehicles 
sold in the United States each year. However, some hybrids don’t contribute much 
to energy efficiency, as car companies are building more high-end, high-performance 
vehicles. 

Congress needs to be careful about which technologies it subsidizes. We should 
make sure that we are not prematurely committing to any particular technology and 
neglecting other potentially beneficial approaches. We also should make sure that 
tax incentives are well targeted to achieving their objectives, rather than simply 
subsidizing behavior that would have taken place anyway. It doesn’t make much 
sense to give a tax break when manufacturers are wait-listing consumers for certain 
models — the demand is already there, the cars are not. 

I will be interested to learn more about whether the President’s initiative to pro- 
mote hydrogen fuel and fuel cells has realistic goals or is just science fiction. Right 
now, there is a danger that hydrogen fuel and fuel cells may never be commer- 
cialized because they are so expensive, and this initiative may draw funding away 
from near-term technologies such as hybrids. 

I have many more questions, but I will stop here because we have a panel of wit- 
nesses that I hope will be able to provide some answers, or at least provide us with 
more information about the intriguing technological possibilities that lie before us. 
Getting solid and reliable information is the first step toward developing sound pol- 
icy. I don’t think any of us believe that the current energy bill is the last word on 
energy policy, and much remains to be done to meet the challenges that lie before 
us. 

Mr. Chairman, I look forward to hearing the testimony of our witnesses today. 


Statement of Hon. David K. Gasman, Under Secretary for Energy, Science, 
and Environment, U.S. Department of Energy 

Mr. Chairman and Members of the Committee, I appreciate the opportunity to ap- 
pear before you today to discuss the role of the Department of Energy (DOE or De- 
partment) in the development of advanced technologies for energy efficient vehicles. 

Recently, President Bush spoke on energy policy and economic security at the Cal- 
vert Cliffs nuclear power plant and said that to make this country less dependent 
on foreign sources of oil, we need the following things: (1) to encourage conservation 
with the help of new technology; (2) to diversify our energy supply by increasing the 
use of alternative and renewable sources like ethanol and biodiesel; and (3) to de- 
velop a hydrogen-powered automobile over the next decade or two. The President 
envisioned that a child born today would be “able to take a driver’s test in a hydro- 
gen-powered automobile that has zero emissions, and at the same time will make 
us less dependent on hydrocarbons which we have to import from foreign countries.” 

the petroleum challenge 

The President’s remarks make clear the petroleum challenge that faces this coun- 
try. The world is not running out of oil, at least not yet, but worldwide demand is 
increasing faster than production and prices are rising. Unless we reduce our de- 
pendence on foreign oil we risk that our energy economic security will be com- 
promised. 
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The most urgent need is to address our transportation sector, which consumes 
two-thirds of all U.S. oil and is still growing. Petroleum imports already supply 
more than 57 percent of U.S. domestic needs, and those imports are projected to in- 
crease to more than 68 percent by 2025 under a business-as-usual scenario. Because 
petroleum-based liquid fuels, like gasoline and diesel, have a high energy density 
and are easily transported, they are ideal for transportation. The Department of En- 
ergy is committed to finding suitable alternatives, and developing the technologies 
that will use today’s oil more efficiently. 

At the G8 Summit earlier this month, the President reiterated his policy of pro- 
moting technological innovation, like the development of hydrogen and fuel cell tech- 
nologies, to address climate change, reduce air pollution, and improve energy secu- 
rity in the United States and throughout the world. The Department’s research and 
development (R&D) in advanced vehicle technologies, such as hybrid electric vehi- 
cles, will help improve energy efficiency and reduce petroleum consumption in the 
near to mid-term. But, for the long term, we ultimately need a substitute to replace 
petroleum. Hydrogen and fuel cells, when combined, have the potential to end petro- 
leum dependence and provide carbon-free, pollution-free power for transportation. 

Thus, our strategy for passenger vehicles has two components. For long-term en- 
ergy independence, the Department is aggressively implementing the President’s vi- 
sion of working with industry to develop hydrogen-powered fuel cell vehicles. Hydro- 
gen can be produced from a number of different feedstocks, and this supply diversity 
can help improve the Nation’s energy security. Through the President’s Hydrogen 
Fuel Initiative, research is being conducted step by step to eliminate the cost and 
technical barriers that need to be overcome before these vehicles can be widely 
available. Our near and mid-term strategy is to develop the component and infra- 
structure technologies necessary to enable significant improvements to the energy 
efficiency of the full range of affordable cars and light trucks. Such technologies as 
those used by hybrid electric vehicles can limit growth or begin to reduce our de- 
pendence on foreign oil right now, while also advancing some of the same tech- 
nologies that will eventually be needed for fuel cells. These are described more fully 
in a document I am leaving with the Committee. 

We are also working on technologies that will increase the energy efficiency of 
commercial vehicles, which due to their high performance needs, are unlikely to run 
on hydrogen. While the majority of commercial vehicles are powered by diesel en- 
gines, which have a higher efficiency than gasoline engines, there remains room for 
considerable efficiency improvements. Fuel cells could also play a role with commer- 
cial vehicles by saving fuel and reducing emissions from engine idling. 

PARTNERSHIPS 

Partnering with industry creates a common understanding of technical capabili- 
ties and barriers, which increases the likelihood that industry will pick up DOE’s 
energy-saving technologies and that Federal research will target industry needs. To 
address the passenger vehicle market, we joined with the three domestic auto man- 
ufacturers and five energy companies to establish the FreedomCAR and Fuel Part- 
nership. To address the commercial vehicle sector, we have the 21st Century Truck 
Partnership in which the Department teams with 3 other Federal agencies and 15 
industry partners representing vehicle and component manufacturers, truck and bus 
manufacturers, and hybrid vehicle powertrain suppliers. 

We also partner internationally through the International Energy Agency (IEA) 
on research for motor fuels, internal combustion engines, advanced materials, and 
hybrid propulsion systems. Our hydrogen vision is now shared around the world. 
The International Partnership for the Hydrogen Economy (IPHE) was established 
in 2003 and currently includes 16 nations and the European Commission. The IPHE 
partners represent more than 85 percent of the world’s gross domestic product and 
two-thirds of the world’s energy consumption and greenhouse gas emissions. The 
Partnership leverages limited resources by bringing together the world’s best intel- 
lectual skills and talents to coordinate multinational Research Development and 
Demonstration (RD&D) programs that advance the transition to a global hydrogen 
economy. 

Two DOE programs under the Office of Energy Efficiency and Renewable Energy 
(EERE) are leading the Department’s R&D efforts for advanced vehicle technologies. 
The Hydrogen Program has the challenging task of fulfilling the President’s vision 
of transforming our transportation system from dependence on petroleum fuels to 
a future with sustainable, pollution-free vehicles. The FreedomCAR and Vehicle 
Technologies Program is meeting the mid-term challenges of efficiency and alter- 
native fuels for developing the best technology options for reducing the petroleum 
consumption of light duty vehicles over the next 20 years. Progress in such areas 
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as advanced internal combustion engines and emission control systems, lightweight 
materials, power electronics and motor development, high-power energy battery de- 
velopment, and alternative fuels will also contribute to fuel cell hybrids. Together, 
these two DOE programs provide a continuum of technologies that will revolutionize 
the way we drive. 

FREEDOMCAR AND VEHICLE TECHNOLOGIES (OFCVT) PROGRAM 

The following descriptions sample the range of technologies the Department is de- 
veloping that will enable Americans to use less petroleum, reduce the impact on our 
environment, and still retain our mobility and freedom of choice when we purchase 
our vehicles. 

Hybrid Systems technologies combining an internal combustion engine and a bat- 
tery-powered electric motor can potentially reduce vehicle fuel use by 40 percent or 
more. Without building entire vehicles, we conduct our research in a vehicle systems 
context that enables us to determine the impact that improving a component has 
on overall energy efficiency. When I was at Argonne National Laboratory, I saw first 
hand how their Powertrain Systems Analysis Toolkit (PSAT) model, winner of a 
prestigious 2004 R&D 100 Award, is used in conjunction with their Hardware- 
In-the-Loop test facilities to validate vehicle components in a system, either vir- 
tually or with real devices. 

Energy Storage technologies, especially batteries, are critical enabling technologies 
for the development of advanced, fuel-efficient, hybrid vehicles and ultimately fuel 
cell vehicles. Our energy storage research aims to overcome such technical barriers 
as cost, weight, performance, life, and abuse tolerance that the Department and the 
automotive industry have identified. DOE’s technical research teams and battery 
manufacturers are collectively addressing these barriers. 

Advancements we have made in batteries and electric drive motors, originally de- 
veloped for battery-powered electric vehicles, have led to worldwide stimulation of 
hybrid vehicle technology. Every hybrid vehicle sold in the United States today, in- 
cluding those by foreign manufacturers, contains elements of battery technology li- 
censed from one of our battery research partners. Other governments in both Eu- 
rope and Asia have followed our example, creating partnerships with industry and 
supporting research in this area. 

Power Electronics are at the heart of advanced technology vehicles. Advanced hy- 
brid vehicles and fuel cell vehicles will require unprecedented improvements in both 
power electronics and electric drive motors. These new technologies must be compat- 
ible with high-volume manufacturing; must ensure high reliability, efficiency, and 
ruggedness; and must simultaneously reduce cost, weight, and volume. Of these 
challenges, cost is the greatest. Key components for hybrid vehicles (with either fuel 
cell or advanced combustion engines as the prime mover) include motors, inverters/ 
converters, sensors, control systems, and other interface electronics. 

Advanced materials are needed for structural components as well as powertrain 
components. The use of lightweight, high-performance materials will contribute to 
the development of vehicles that provide better fuel economy, yet are comparable 
in size, comfort, and safety to today’s vehicles. The development of propulsion mate- 
rials and enabling technologies will help reduce costs while improving the dura- 
bility, efficiency, and performance of advanced internal combustion, diesel, hybrid, 
and fuel-cell powered vehicles. 

Because a 10-percent reduction in weight can save as much as 6 percent in fuel 
consumption, our materials research goal is to enable vehicle weight reductions of 
as much as 50 percent by 2010 compared to the weight of 2002 vehicles. Carbon- 
fiber reinforced composites are an excellent candidate for these applications, but 
they are currently prohibitively expensive. To reduce these costs, we are developing 
a microwave-assisted plasma (MAP) manufacturing technique which indicates a po- 
tential savings of 40 percent in direct production costs and an 18 percent reduction 
in the final carbon fiber cost because of faster processing speed, reduced processing 
energy demand, and a higher degree of product quality control. Other efforts focus 
on developing the new processes needed to recycle advanced materials. 

Advanced Combustion Engines have the potential to contribute over 40 percent to 
the total efficiency improvements possible for both passenger and commercial vehi- 
cles. The most promising approach to reduce petroleum consumption in the mid- 
term (10-20 years) is the introduction of high efficiency internal combustion engines 
in conventional and hybrid vehicles. Our goals are to improve the efficiency of inter- 
nal combustion engines for passenger applications and commercial vehicles while 
meeting cost, durability, and emissions constraints. Accelerated research on ad- 
vanced combustion regimes, including homogeneous charge compression ignition 
(HCCI) and other modes of low-temperature combustion, is aimed at realizing this 
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potential and making a major contribution to improving the U.S. energy security, 
environment, and economy. 

In parallel with fuels development, Advanced Combustion Engine research has 
made significant strides in the development of enabling technology to bring more 
efficient clean combustion engines into the market. Christina Vujovich, Vice Presi- 
dent of Environmental Policy and Product Strategy of Cummins Engine Company, 
recently commented publicly, 

“We have achieved some impressive technology advances to meet the initial 
engine efficiency and emissions deliverables of the program. . . . The Depart- 
ment of Energy provided an invaluable level of cooperation throughout the pro- 
gram. It demonstrates just how much can be achieved when Federal agencies 
and industry work together toward a common goal in the best interest of the 
Nation’s environment and energy security.” 

Fuels Technology supports research on advanced petroleum and non-petroleum- 
based fuels and fuel blends to enable extremely high efficiency and the displacement 
of significant quantities of petroleum fuels. This work is coordinated with our EERE 
Biomass Program, which is developing technology to convert biomass (plant-derived 
material) to valuable fuels, chemicals, materials, and power. 

The DOE-managed Advanced Petroleum Based Fuels — Diesel Emissions Control 
Project (APBF-DEC) has provided crucial data supporting the U.S. Environmental 
Protection Agency rulemaking that is leading to the nationwide introduction of low- 
sulfur fuel. 


HYDROGEN PROGRAM 

The Department’s Hydrogen Program is developing advanced technologies for pro- 
ducing, delivering, and storing hydrogen, for affordable and reliable fuel cells, and 
for infrastructure technologies that will support the widespread introduction of hy- 
drogen-powered vehicles. The use of hydrogen will get to the root causes of oil de- 
pendency, criteria pollutants and greenhouse gas emissions. 

Since the President launched the Hydrogen Fuel Initiative in 2003, we have made 
significant progress. The Department has developed a comprehensive technology de- 
velopment plan, the Hydrogen Posture Plan, fully integrating the hydrogen research 
of the Offices of Energy Efficiency and Renewable Energy; Science; Fossil Energy; 
and Nuclear Energy, Science, and Technology. This plan identifies technologies, 
strategies, and interim milestones to enable a 2015 industry commercialization deci- 
sion on the viability of hydrogen and fuel cell technologies. Each Office has, in turn, 
developed a detailed research plan which outlines how the high-level milestones will 
be supported. 

Ongoing research has already led to important technical advances. As highlighted 
by Secretary Bodman in earlier Congressional testimony, I am pleased to report 
that our fuel cell activities achieved an important technology cost goal this past 
year — the high-volume cost of automotive fuel cells was reduced from $275 per kilo- 
watt to $200 per kilowatt. This was achieved by using innovative processes devel- 
oped by national labs and fuel cell developers for depositing platinum catalyst. This 
accomplishment is a major step toward the Program’s goal of reducing the cost of 
transportation fuel cell power systems to $45 per kilowatt by 2010. 

In hydrogen production, we have demonstrated our ability to produce hydrogen 
at a cost of $3.60 per gallon of gasoline equivalent at an integrated fueling station 
that generates both electricity and hydrogen. This is down from about $5.00 per gal- 
lon of gasoline equivalent prior to the Initiative. 

In the short term, the use of more efficient technologies, such as hybrid vehicles, 
will mitigate increases in greenhouse gas emissions. In the long term, hydrogen pro- 
duced from renewables, nuclear, or coal with carbon sequestration can eliminate oil 
dependency, significantly reduce vehicular criteria air pollutants, and help stop and 
reverse the growth in greenhouse gas emissions. 

I will now briefly describe the activities of the Department to support the Presi- 
dent’s Hydrogen Fuel Initiative, which addresses both the development needed for 
the hydrogen infrastructure and for fuel cell technology. 

Hydrogen Production: The overall goal is to produce hydrogen in a way that is 
carbon neutral. To address energy security and environmental needs, an array of 
feedstocks and technologies such as solar, wind, and biomass, nuclear, and fossil 
fuels (with sequestration) are being examined for hydrogen production. The research 
focus for the transition to a hydrogen infrastructure is on distributed reforming of 
natural gas and renewable liquid fuels, and on electrolysis, to meet initial lower vol- 
ume hydrogen needs with the least capital investment. Renewable feedstocks and 
energy sources are being investigated for the long term, with more emphasis on cen- 
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tralized options to take advantage of economies of scale when an adequate hydrogen 
delivery infrastructure is in place. 

Hydrogen Delivery: Hydrogen must be transported from the point of production to 
the point of use, including storing and dispensing at fueling stations. Due to its rel- 
atively low volumetric energy density, delivery can be one of the significant cost and 
energy inefficiencies associated with using hydrogen as an energy carrier. There are 
three primary options for hydrogen delivery. One option is to deliver hydrogen as 
a gas in pipelines or high-pressure tube trailers. A second option is to liquefy it and 
deliver it in cryogenic tank trucks. Gaseous and liquid truck deliveries are used 
today, but there is only a very limited hydrogen pipeline infrastructure. A third op- 
tion is to use carriers such as natural gas, methanol, ethanol, or other liquids de- 
rived from renewable biomass, that can be transported to the point of end use and 
reformed to hydrogen. Further R&D is required for each of these options so that we 
can reduce cost, improve reliability, and determine the best approach. Carriers are 
the focus for the nearer term; pipelines and other options are being researched for 
the longer term. 

Hydrogen Storage is a critical enabling technology for the advancement of hydro- 
gen and fuel cell power technologies for transportation, stationary, and portable ap- 
plications. The Department is focused on the research and development of on-board 
vehicular hydrogen storage systems that will allow for a driving range of greater 
than 300 miles without compromising passenger or cargo space. Development tar- 
gets include compressed hydrogen tanks for near-term storage of hydrogen. How- 
ever, the Program emphasizes R&D on advanced materials such as metal hydrides, 
chemical hydrides, and carbon-based materials to allow low-pressure hydrogen stor- 
age options in the long-term. As progress is made on solid-state or liquid-based ma- 
terials, other issues such as vehicle refueling, thermal management or byproduct 
reclamation will need to be addressed. 

Codes and Standards will be necessary in the implementation of the hydrogen 
economy. Our DOE codes and standards activity will facilitate their development, 
and support publicly available research that will be necessary to develop a scientific 
and technical basis for such codes and standards. DOE is working with the Depart- 
ment of Transportation (DOT) in support of their regulatory role in vehicle safety 
standards, hydrogen pipelines, and global technical regulations. The DOE and the 
DOT are working closely together in the International Partnership for the Hydrogen 
Economy to promote uniform global hydrogen technology codes and standards. 

Safety is of paramount importance. The development of codes and standards is 
critical to ensuring the safety of hydrogen production and delivery processes, as well 
as hydrogen storage technologies for both transportation and stationary applica- 
tions. Like other fuels in use today, hydrogen can be used safely with appropriate 
handling and systems design. Because of the smaller size of the molecule and the 
greater buoyancy of the gas, hydrogen requires storage and handling techniques 
that are different than those traditionally employed. The aim of our program is to 
ensure the safe use of hydrogen, and to understand, communicate and provide train- 
ing on the safety hazards related to the use of hydrogen as a fuel. DOE is working 
with the DOT as well as other agencies, such as the Environmental Protection 
Agency, the National Institute of Standards and Technology, and the Department 
of Agriculture to promote and ensure the development of safe hydrogen and fuel cell 
technologies. 

Education is critical to the successful introduction of any new technology. DOE’s 
hydrogen education effort focuses on providing information and training, with a 
focus on safety, to the specific target audiences involved in the transition to a hydro- 
gen economy, including first responders, code officials, State and local government 
representatives, and local communities where near-term hydrogen demonstration 
projects are located. Over the long-term, the program also seeks to raise public 
awareness and foster the development of university and other education programs 
that will ensure the next generation of scientists, engineers, and technicians needed 
to develop and sustain the hydrogen economy. 

Fuel Cells have the potential to replace the internal combustion engine in pas- 
senger vehicles because they are energy efficient, clean and fuel flexible. Hydrogen 
or any hydrogen-rich fuel can be used by this emerging technology. For transpor- 
tation applications the focus is on direct hydrogen fuel cells, in which hydrogen is 
stored on board and is supplied by a hydrogen generation, delivery, and fueling in- 
frastructure. Fuel cell R&D activities address key barriers, including cost and reli- 
ability, to fuel cell systems for transportation applications. Activities support the de- 
velopment of individual component technology critical to systems integration, as 
well as systems-level modeling activities that guide R&D activities, benchmark sys- 
tems progress, and explore alternate systems configurations on a cost-effective basis. 
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Polymer electrolyte membrane fuel cell cost projections at high-volume (500,000 
units per year) have been reduced from $275 per kilowatt in 2002 to $200 per kilo- 
watt in 2005. Performance improvements are based on progress in areas such as 
electrocatalyst design and materials, which reduce expensive platinum content; gas 
diffusion layer design, which reduces materials content; and advanced low-cost 
membranes. Changes in operating conditions have reduced the size of the fuel cell 
stack, resulting in lower raw materials costs. Manufacturing advances include mold- 
ed bipolar plates manufactured by a net-shape molding process and economies of 
scale for membrane manufacturing. These advances set the stage for meeting the 
$45 per-kilowatt target for 2010. 

Technology Validation is conducted on components under real-world operating 
conditions in integrated systems to quantify the performance and reliability, docu- 
ment any problem areas, and provide valuable information to researchers to help 
refine and direct future R&D activities. 

An example of a project that ties all of the R&D activities together and validates 
the status of hydrogen and fuel cell technologies is the National Hydrogen Learning 
Demonstration. The National Hydrogen Learning Demonstration is the first effort 
of its kind to bring together, at a national level, major automobile and energy com- 
panies in a hydrogen infrastructure and vehicle demonstration project. The project 
will help DOE focus its research and development efforts, provide insight into vehi- 
cle and infrastructure interface issues and help address codes, standards and safety 
issues. We have partnered with four industry teams to work on projects that would 
assess the status of hydrogen infrastructure and fuel cell technology, in parallel, 
against time-phased, performance-based targets. 

This Learning Demonstration will collect data both on the open road and in con- 
trolled testing environments. Field validation of hydrogen-powered fuel cell vehicles 
in controlled vehicle fleets in both hot and cold climates will provide valuable infor- 
mation. Infrastructure validation also includes hydrogen production, storage and de- 
livery processes, and hydrogen refueling station technologies. Eacb of these teams 
is sharing at least 50 percent of the project cost, which is estimated to be about 
$350 million between fiscal year 2004 and fiscal year 2009, with the government 
share subject to appropriation. Information from this demonstration will help DOE 
focus its R&D efforts on fuel cells and hydrogen production and provide valuable 
information to industry to make a 2015 commercialization decision. With a positive 
commercialization decision and a successful research program, it is not unreason- 
able to think we could see the beginning of mass-market fuel cell vehicle penetration 
by 2020. 


BIOMASS PROGRAM 

The Department’s Biomass Program is the major EERE renewable effort that ad- 
dresses the development of alternative liquid transportation fuels, namely ethanol 
and biodiesel. The development of these fuels has a direct bearing on our Nation’s 
ability to reduce imported oil because they can be directly blended into gasoline and 
diesel fuels. The current domestic industry has the production capacity of about four 
billion gallons with capacity for almost another billion gallons under construction. 
Provisions in the conference version of the Energy Bill could provide an incentive 
to increase this supply to 7.5 billion gallons by 2012. 

While the domestic renewable fuels industry has been growing at a rapid pace, 
there is little doubt that this industry will have a brighter future if R&D at USDA 
and DOE is successful. A recent report jointly conducted by the two departments 
indicates that over one billion tons of biomass could one day be sustainably pro- 
duced from various biomass sources and meet at least 30 percent of today’s U.S. 
transportation demand. In the longer term, when this renewable supply is coupled 
with advancements projected by the EERE vehicle and hydrogen technologies, a car- 
bon neutral and renewable transportation suite of technologies could greatly reduce 
our dependence on imported oil. 

Recent breakthroughs and accomplishments in ethanol and bio-based products in- 
clude technologies developed by the National Renewable Energy Laboratory, work- 
ing with two of the major world industrial enzyme manufacturing companies. In 
2004, these public private partnerships won a prestigious R&D 100 Award (shared 
by the three entities) for developing an innovative, lower cost method for trans- 
forming biomass into sugars that could then be fermented to produce ethanol and 
other chemicals. Before this breakthrough, this conversion step was considered a 
showstopper for biomass biological conversion. 

More recently, there has been a stepped-up interest in combining the forces of 
DOE’s Office of Science with EERE’s Biomass Program to address research barriers 
facing biomass to ethanol technologies. It is believed that some of the fundamental 
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tools and understanding being considered and developed by the Office of Science can 
be more directly targeted to the EERE Biomass Program and industry. This syner- 
gism could greatly reduce the time needed to make ethanol more economically com- 
petitive. The two DOE Offices are currently planning a joint workshop and a joint 
solicitation to occur before the end of the calendar year. 

Biomass represents a bridge to the hydrogen economy. Ethanol and methanol 
from biomass are both potential hydrogen carriers that can also be used in fuel cells 
or can directly replace gasoline. Recently, DOE and USDA signed a Memorandum 
of Understanding aimed at developing more cost-effective ways to produce hydrogen 
from biomass resources. Transitioning to hydrogen technologies in the agriculture 
industry and in rural communities is important for a number of reasons: hydrogen 
could be produced from renewable, farm-based biomass; agricultural vehicles could 
be fueled by hydrogen; and hydrogen fuel cell technology could potentially provide 
power for rural communities and remote farm and forest sites. 

SUGARS PLATFORM R&D 

The Sugars Platform involves the breakdown of biomass into raw component sug- 
ars that can be fermented to produce a range of chemical and biological processes. 
The research target for the mid-term is to reduce the cost of sugars from 15 cents 
per pound in 2003 to 10 cents in 2012. The corn refining industry, which currently 
includes wet and dry mills, is an example of a sugars-based industry that produces 
ethanol and other chemicals, as well as food and fiber. Ongoing research tasks in 
the Sugars Platform include feedstock conditioning, pretreatment, enzyme biomass 
degradation, process integration, and targeted fundamental research. 

THERMOCHEMICAL PLATFORM R&D 

The Thermochemical Platform’s current emphasis is on converting non-ferment- 
able biomass such as lignin to intermediate products such as synthesis gas. These 
intermediates can be used directly as raw energy, or may be further refined to 
produce fuels and products that are interchangeable with existing commercial com- 
modities such as oils, gasoline, synthetic natural gas, and high purity hydrogen. 
Current R&D is focused on synthesis gas clean-up making it suitable for the produc- 
tion of high-valued mixed alcohols. 


PRODUCTS R&D 

The area of bio-based products represents a major market opportunity for domes- 
tically grown biomass resources. The Products R&D utilize the outputs from the 
Sugars and Thermochemical Platforms to develop higher valued products. The Prod- 
ucts focus is on platform chemicals that can be converted to a multitude of high- 
valued products. As an example of success, industrial partners have had a break- 
through in developing a novel microbial process that can convert corn sugars to a 
chemical intermediate. When fully commercialized, the industrial biotech process 
will convert dextrose derived from corn to a chemical intermediate known as 3 
hydroxypropionic acid (3HP), one of the top chemical intermediates identified by the 
Biomass Program. The chemicals that can be produced from 3HP include acrylic 
acid, acrylamide, and 1,3 propanediol. Acrylic acid and its derivatives are used to 
create a wide range of polymer-based consumer and industrial products such as ad- 
hesives, paints, polishes, protective coatings, and sealants. The new process will use 
agricultural feedstocks instead of petroleum to produce 3HP. 

INTEGRATED BIOREFINERIES 

An integrated biorefinery is the ultimate deployment strategy of the Biomass Pro- 
gram. A biorefinery embodies a facility that uses biomass to make a range of fuels, 
combined heat and power, chemicals, and materials in order to maximize the value 
of biomass. Much like an oil refinery, the biorefinery has the flexibility to make ad- 
justments to the quantities of the various products that it makes, depending on fluc- 
tuating market conditions. The barriers to an integrated biorefinery are largely ad- 
dressed through the other R&D areas. However, certain barriers are specific to the 
integrated biorefinery such as the challenge of feedstock-to-product process integra- 
tion and the financial, engineering, and marketing risks inherent in scaling up first- 
of-a-kind, pioneer technology. In fiscal year 2002, the Biomass Program awarded six 
major biorefinery development projects to industry partnerships (minimum 50 per- 
cent cost-share). 

When achievement of technical targets justifies industrial-scale demonstrations 
(again, with a minimum 50 percent cost share), the Biomass Program will conduct 
a competitive solicitation in order to: (1) complete technology development necessary 
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for start-up demonstration of an integrated biorefinery; and (2) help U.S. industry 
establish the first large-scale sugars-based biorefinery based on cellulosic agricul- 
tural residues by 2010. 


BENEFITS TO THE NATION 

In conclusion, I believe that the Department of Energy is maintaining a balanced 
portfolio of near-term and long-term options to decrease oil consumption today, and 
to launch our Nation into a bold new energy future. Gasoline and diesel-hybrid elec- 
tric vehicles are the most promising technology options over the next two decades, 
and hydrogen-powered vehicles offer the best potential to achieve long-term energy 
independence through use of diverse, domestic feedstocks. The Department’s plan is 
ambitious but allows time to overcome the significant technical and economic chal- 
lenges. 

I continue to be excited by the Department’s programs in advanced automotive 
technology and look forward to the security, economic, and environmental benefits 
that will accrue to our Nation as progress is made. Emissions reduction comes hand- 
in-hand with putting more efficient vehicles on the road. We estimate that the cu- 
mulative savings in oil by 2030 from several aspects of our research, assuming com- 
plete technical success, could be almost 20 billion barrels compared to a “business- 
as-usual” scenario. That’s about a trillion dollars at $50 a barrel, or more at today’s 
prices. Staying at the forefront of vehicle R&D can help keep the United States as 
the world’s leader in vehicle production, provide future exports, protect U.S. jobs, 
and improve our national energy security. 

Mr. Chairman, I look forward to working with you and the Members of this Com- 
mittee as we pursue our mission of providing for the Nation’s energy future by re- 
ducing our dependence on foreign oil. I would be pleased to answer any questions 
you may have. 


Prepared Statement of Joe Loper, Vice President, 

Alliance to Save Energy 

The Alliance to Save Energy is a bipartisan, nonprofit coalition of more than 90 
business, government, environmental and consumer leaders whose mission is to pro- 
mote energy efficiency worldwide to achieve a healthier economy, a cleaner environ- 
ment, and greater energy security. The Alliance, founded in 1977 by Senators 
Charles Percy and Hubert Humphrey, currently enjoys the leadership of Senator 
Byron Dorgan as Chairman; Washington Gas Chairman and CEO, James 
DeGraffenreidt, Jr. as Co-Chairman; and Representatives Ralph Hall, Zach Wamp 
and Ed Markey and Senators Bingaman, Collins and Jeffords as its Vice-Chairs. At- 
tached for the record are a list of the Alliance’s Board of Directors and its Associate 
members. 


INTRODUCTION 

For the last 4 years, Congress and the President have spent innumerable hours 
trying to agree on ways to address the nation’s dependency on oil and its adverse 
impacts on climate, and air and water quality. There has been much discussion 
about how we might ease the burdens on states and cities trying to meet Clean Air 
Act requirements and who is going to pay for leaks from underground gasoline stor- 
age tanks. We have debated measures to reduce greenhouse gas emissions. Mean- 
while, we’ve watched oil prices climb from $30 to $60 per barrel as oil supplies get 
rocked almost daily by events that are largely out of our control — Venezuelan 
uprisings and increased animosity toward U.S. government policies, threatened 
takeovers of Nigerian oil fields, hurricanes in the Gulf of Mexico. 

While we have limited control on oil supplies and prices, we can control our own 
demand for oil. That makes this hearing particularly important. Given that the 
transportation sector accounts for two-thirds of U.S. oil use and that passenger cars 
and light trucks consume 40 percent of that oil use, it is critical that we address 
vehicle fuel use. 

We applaud the efforts of Congress to address the Nation’s energy challenges in 
the current conference energy bill. The tax incentives for hybrid and advanced diesel 
vehicles, along with technology research and demonstration programs are certainly 
useful. However, we cannot pretend to think that the bill before Congress will have 
any significant impact on U.S. petroleum use. 
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THE ENERGY BILL 

This week the House and Senate will be voting on the conference energy bill. This 
bill contains many provisions to encourage energy efficiency improvements in build- 
ings and appliances. We applaud Congressional actions to get inefficient air condi- 
tioners, clothes washers, ceiling fans and lighting equipment out of the marketplace. 
We applaud the tax incentives for more efficient homes, buildings and equipment, 
and those that encourage the production of high-efficiency appliances. 

We applaud the tax incentives for hybrid and advanced learn burn technology ve- 
hicles. We support funding authorizations for a variety of advanced transportation 
technology programs that could improve the efficiency of the transportation sector, 
including programs to encourage railroad efficiency, idle reduction technologies for 
heavy trucks, and ultra-efficient energy technology for air crafts. 

The energy efficiency policies in the energy bill could reduce overall projected en- 
ergy use by between 1 and 2 percent by 2020. It is important to note, however, that 
the bill is, in large part, an ambitious to-do list at this point. To achieve these sav- 
ings, Federal agencies, appropriators, states and local governments, and others will 
need to fully fund, implement and participate in these programs. 

When it came to addressing energy use in vehicles, Congress flat out missed the 
on-ramp. Most, if not all, of the oil savings in the conference energy bill will be can- 
celed out by the increased energy use resulting from extension of the Corporate Av- 
erage Fuel Economy (CAFE) credit for dual fuel vehicles. This provision allows vehi- 
cle manufacturers to take credit for vehicles that are capable of, but almost never 
do, run on alternative fuels. Optimistically, we would like to think that the energy 
bill could reduce oil use in 2020 by about 100,000 barrels per day — about 0.5 percent 
of anticipated oil use or between 1 and 2 days of consumption. Realistically, the 
overall impact on petroleum consumption will probably be a fraction of that amount. 

EFFICIENCY TECHNOLOGIES ARE HERE TODAY 

There is no shortage of technologies to improve vehicle fuel efficiency. Many of 
these technologies are already in vehicles, including electronic controls and ignition, 
light weight materials, improved engine designs. Other technologies are now being 
pulled off “the shelf” and increasingly deployed in new vehicles. They include (for 
example): 

• Variable Cylinder Management — turns off cylinders when not in use. 

• Advanced Drag Reduction — further reduces vehicle air resistance. 

• Variable Valve Timing and Lift — optimizes the timing of air intake into the cyl- 
inder with the spark ignition. 

• Reductions in Engine Friction — using more efficient designs, bearings and coat- 
ings that reduce resistance between moving parts. 

• Hybrid Drive Trains — internal combustion engine combined with electric motor 
and regenerative braking. 

These are not pie in the sky technologies or expensive gimmicks, but rather tech- 
nologies that are here now. Other major technology advances appear to be on the 
horizon, such as plug-in hybrids and fuel cell electric vehicles. 

EFFICIENCY TECHNOLOGIES ARE NOT BEING USED TO IMPROVE FUEL ECONOMY 

While advanced technologies have been, and continue to be, deployed in new cars 
and trucks, we’re not getting more miles per gallon (mpg) as a result. In fact, the 
average fuel economy (ie., mpg) of model year 2004 vehicles is 6 percent lower than 
in the 1987-88 model years. 

Instead of getting better fuel economy, we are getting more towing capacity, more 
acceleration, more weight, and more space. For example, America’s best-selling 
truck — the Ford F-150 — claims almost 5 tons of towing capacity. That’s enough ca- 
pacity to pull a 36-foot horse trailer with 4 horses inside it. In most states, that 
is one-eighth of the total legal weight (including truck and cargo) of a semi-hauler. 

Our average car is a real workhorse too. The average passenger car sold today 
has about 185 horsepower — 40 percent more than a car sold 15 years ago. To put 
this in perspective, a typical passenger car sold today has the engine capacity to 
raise 185 soccer moms, along with 370 children, 10 stories into the air in 1 minute. 
It’s about the same horsepower as a large (60,000 pound) bulldozer. 

And this decade looks like it could displace the 1960’s as the “Decade of the Mus- 
cle Car.” According to the Classic Car and Vintage Automobile registry, more than 
half of the fastest production car models offered since the 1960’s were offered in 
model years 2000 or since. The number of muscle cars offered in the last 5 model 
years exceeds the number of muscle cars in the 1960’s, 1970’s, 1980’s and 1990’s 
combined. 
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Vehicle fuel economy is a huge reservoir of low-cost energy waiting to be tapped. 
According to EPA estimates, if automakers had applied the technology gains since 
1987 to improving fuel economy, average fuel economy would be 20 percent higher. 
If the Nation had taken this path, we could be consuming between one and two mil- 
lion barrels per day less than we are — that’s about equivalent to the more optimistic 
EIA projections of oil output from the Arctic National Wildlife Refuge (ANWR). 

POLICIES TO INCREASE FUEL ECONOMY 

For the last 20 years, the Nation’s oil policy has in effect been made in America’s 
car showrooms. It is time for the Federal Government to provide more guidance in 
the vehicle marketplace. There are many policies that could be employed to ensure 
at least a portion of these advances gets used to improve fuel economy. A few of 
them are discussed here. 

Increase and Reform Corporate Average Fuel Economy Standards 

Today’s supply disruptions are of similar magnitude to the 1970’s as OPEC exer- 
cised its market power to raise prices. Back then, America’s response was to take 
serious measures to encourage improvements in automobile fuel economy. Between 
1975 and 1985, fuel economy standards were used to help achieve a 70 percent im- 
provement in new vehicle fuel economy. According to the National Academy of 
Sciences, CAFE standards are still saving 2.8 million barrels per day. 

Since the mid-1980’s, CAFE standards have been largely unchanged due to polit- 
ical pressure from the automobile industry. The current standard of 27.5 miles per 
gallon (mpg) for automobiles has been in place since 1985. The current 21 mpg 
standard for light trucks is only 0.5 mpg above the 1987 standard (it is now set to 
rise to 22.2 mpg by 2007). To the extent that fuel economy standards reflect fuel 
economy levels achievable two decades ago seriously undermine their effectiveness. 

Old testing methods, a loophole for “trucks”, and other loopholes have further un- 
dermined the effectiveness of existing CAFE standards. EIA estimates that the ac- 
tual fuel economy of vehicles is about 20 percent lower than the CAFE standard test 
results suggest. In other words, the 27.5 mpg standard for cars is really a 22 mpg 
standard and the 21 mpg truck standard is really a 17 mpg standard. Fuel economy 
testing methods should be revised to better reflect real-world driving. 

Fuel economy standards allow vehicles classified as trucks to meet less stringent 
standards than are imposed on passenger cars. When this loophole was created, less 
than one-quarter of light duty vehicles sold were classified as trucks. Now, fully half 
of vehicles sold receive this special designation. Most of these trucks are sport util- 
ity vehicles and minivans primarily, if not exclusively, used for transporting pas- 
sengers. The “passenger car” category should be redefined to include SUVs and 
minivans. 

Vehicle manufacturers receive credit against their fuel economy requirements for 
sales of “dual-fuel” vehicles that can run on either ethanol or gasoline. This credit 
has encouraged manufacturers to put millions of dual fuel vehicles on the road. The 
problem is that they are fueled almost exclusively with gasoline. As noted above, 
the new conference energy bill extends this credit for at least 5 more years. This 
credit should be terminated or modified to require actual use of the alternative fuel. 

Finally, vehicles up to 10,000 pounds should be subjected to labeling and stand- 
ards. CAFE standards and labeling requirements apply only to vehicles up to 8,500 
pounds gross vehicle weight. Manufacturers are selling more and more of these 
super-large SUVs and pickup trucks, such as GM Hummers and Ford Excursions. 
The weight limit should be raised to include these heavier vehicles. 

TAX INCENTIVES 

Tax deductions and credits can help steer buyers toward vehicles with higher fuel 
economy. There is currently a $2,000 Federal tax deduction for purchase of a hybrid 
vehicle (the deduction will be reduced to $500 in 2006). Importantly, the current de- 
duction does not take into account the vehicle’s fuel economy. The buyer of a hybrid 
vehicle gets a tax deduction regardless of whether the vehicle achieves a small or 
significant fuel economy improvement. 

The energy bill conference report improves on the current Federal incentive, pro- 
viding tax incentives for hybrid, advanced diesel, fuel cell and alternative fuel vehi- 
cles in varying weight classes. The new tax incentives for hybrid vehicle passenger 
cars and light trucks would be based on two factors: fuel economy improvements 
over a baseline and lifetime fuel savings. This tax incentive approach can assist in 
assuring that the hybrids that achieve better fuel economy are receiving the highest 
level of credit. 
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In sum, if the policy objective of these tax incentives is to encourage adoption of 
energy-saving technologies, the tax incentives should ideally be based on fuel econ- 
omy, not just technologies. 


GAS GUZZLER TAXES 

The Gas Guzzler Tax was established as a result of the Energy Tax Act of 1978. 
The Act established a tax on the sale of new model year vehicles whose fuel econ- 
omy fails to meet certain statutory levels. Currently, the gas guzzler tax applies 
only to passenger cars with fuel economies below 22.5 mpg. The maximum rate is 
$7,700, which is applied to cars that achieve a fuel economy value of less than 12.5 
mpg. To further discourage purchase of inefficient vehicles, the gas guzzler tax could 
be revised to (1) increase the amount of the tax; (2) apply the gas guzzler tax to 
trucks; and/or (3) increase the mpg value so that more vehicles are captured within 
the tax structure (e.g., instead of starting the tax at 22.5 mpg, the tax could apply 
to vehicles that achieve an unadjusted mpg of 24.5 mpg). 

FEEBATES 

A national “feebate” would impose a fee or rebate on new vehicles based on the 
expected lifetime fuel use of the vehicle. The feebate could be revenue neutral or 
not, depending on where the “set-point” is established; purchasers of vehicles above 
the set-point (with poor fuel economy) would pay a fee and purchasers of vehicles 
below the set point (with better fuel economy) would receive a rebate. 

Many variations of feebates have been suggested and discussed. The simplest 
would use a single gallon-per-mile (GPM) rate — say $500 per 0.01 GPM — and a sin- 
gle set-point for all passenger cars and light trucks. 1 Oak Ridge National Laboratory 
estimates savings from a $500 per GPM revenue-neutral (approximately) feebate 
would increase car fuel economy to 31.8 mgp (13 percent) and light truck fuel econ- 
omy to 26 mpg (25 percent) after about 6 years. A $1,000/0.01 GPM feebate would 
increase car fuel economy to 35.2 mpg (25 percent) and light truck fuel economy to 
29.2 (40 percent) after 6 years. 

SUMMARY AND CONCLUSION 

Government and industry have made great strides in developing technologies that 
can improve the fuel efficiency of the transportation sector (e.g., lightweight mate- 
rials, variable valve transmissions, electric motors and controllers, low-rolling resist- 
ance tires, etc.) Many of these technologies are not, however, being widely used to 
improve the fuel economy of today’s vehicle fleet; instead, they are being used to 
increase overall vehicle acceleration, power and size. Without government policy 
intervention, the next 20 years could be just like the last, with fuel economy being 
sacrificed to increased acceleration, horsepower, weight and size. 

By wisely using the tax code and increasing and reforming CAFE standards, we 
could begin to see improvements in the fuel economy of vehicles. Despite the argu- 
ments of the auto industry, these policies would not deny consumer choice. These 
policies would simply change the relative price of various vehicle amenities. They 
would make increased fuel economy less expensive. They would make hot rods and 
large tow vehicles more expensive. They would make people think about how much 
car or truck they really need. They would encourage manufacturers to make more 
vehicles with better fuel economy available to consumers, and then market them. 

In sum, improving fuel economy is not a technical challenge — the technologies are 
here. Rather it is a matter of political priority and will. With the Nation continuing 
to rely on imported oil from volatile regions of the world, and concerns about the 
impacts of our oil use on environmental quality and climate, it is increasingly im- 
perative that our Nation translate more of our advancements in vehicle technologies 
into improvements in fuel economy. 


1 Most economists prefer feebates based on gallons-per-mile (GPM) since this equates to gal- 
lons of fuel used by the vehicle. MPG, on the other hand, is not by itself a sufficient parameter 
to measure efficiency since it is inherently higher for smaller cars and lower for larger vehicles. 
For example, an increase in a large truck’s fuel economy from 10 MPG (equal to 0.1 GPM) to 
12 MPG (0.083) would be rewarded the same as a small car improvement from 40 MPG (0.025) 
to 80 MPG (0.0125). By contrast, a feebate based on MPG would give 20 times more incentive 
to the small car with a 40 MPG improvement than the large truck with only a 2 MPG improve- 
ment. But over the life of the vehicles, the savings from the 2-MPG improvement in the truck 
will be far greater than the savings from the small car. 
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Prepared Statement of Tom Stricker, National Manager, 

Technical & Regulatory Affairs, Toyota Motor North America, Inc. 

Good morning. My name is Tom Stricker, and I am National Manager of Tech- 
nical & Regulatory Affairs for Toyota Motor North America. I want to thank Chair- 
man Saxton and the Committee for the opportunity to be here today. 

Toyota is a company that has undergone a lot of change over the years, especially 
here in the United States. We have been fortunate to evolve from solely an importer 
of small economy vehicles to a local producer offering vehicles in virtually every 
market segment. However, one thing that has not changed is our concern for the 
environment and our pursuit of advanced environmental technology. Our company’s 
Guiding Principles and Earth Charter serve as the fundamental management policy 
for all our operations. These principles reflect Toyota’s commitment to providing 
clean, safe and innovative products, while respecting the environment and culture 
of the local communities in which we operate. 

In the interest of time, I will focus my remarks on hybrids, diesels and fuel cells. 
To begin, let me state the obvious: if we want to eliminate reliance on petroleum, 
then we must develop alternative energy sources to power vehicles or dramatically 
reduce the energy used by current vehicles. Hydrogen fuel cells are an attractive 
long-term option because they can dramatically reduce the automobile’s environ- 
mental footprint — provided the hydrogen can be produced in a clean and efficient 
way. 

Toyota began investing in fuel cell research and development in 1992. Our latest 
vehicle — the Fuel Cell Hybrid Vehicle or FCHV — has a range of up to 180 miles and 
a top speed of 96 miles per hour. Fuel is supplied in the form of high-pressure gas- 
eous hydrogen. We currently have 12 vehicles in operation here in the United States 
and another 11 in Japan. As it’s name implies, the FCHV utilizes hybrid technology 
to achieve even greater efficiency than a typical fuel cell. I will discus hybrid tech- 
nology more in a few minutes. 

Key challenges remain before fuel cells can enter the mainstream market. Some 
of these challenges, such as fuel cell stack efficiency improvements, system reli- 
ability, and so forth, can be solved — in time — through engineering. On the other 
hand, more fundamental scientific breakthroughs are needed to address on-board 
hydrogen storage — the critical factor in determining vehicle driving range. While 
Toyota and many others are working hard to find breakthroughs, no clear solution 
is in sight. 

Even if automakers eventually develop a product that meets customer expecta- 
tions at reasonable cost, significant challenges remain on fueling and infrastructure. 
As automakers, there is only so much we can do in this area. Energy suppliers and 
governments must take the lead — in collaboration with the auto industry — in order 
to solve these issues. 

Because they do offer such promise, Toyota is working hard to develop fuel cells, 
but we are not certain exactly when the scientific, engineering and production chal- 
lenges will be solved. We expect to see expanded fleet use by the end of this decade 
and perhaps limited commercial introduction in the next decade. But as with any 
technology, whether and how quickly the market accepts fuel cells will depend on 
our being able to meet customer expectations at a reasonable cost compared to other 
available alternatives. And as I will describe, those alternatives are improving as 
well. 

One alternative that has garnered a lot of attention recently is diesel engines. No 
doubt, diesels have advanced rapidly over the past decade by using high-pressure 
common rail fuel injection, turbocharging, and other advances. And because diesels 
have higher thermal efficiency than gasoline engines they use less fuel energy per 
mile. In Europe, diesels now account for about half of new vehicle sales. But, there 
are several key differences between the United States and European markets. 

First, fuel prices in Europe are much higher and tax policies provide a significant 
price advantage for diesel fuel, while in the U.S. diesel is more expensive than un- 
leaded regular and in some areas more expensive than unleaded premium. In addi- 
tion, diesel fuel quality, such as cetane level and aromatics content, is better in Eu- 
rope. 

Second, and more importantly, European diesel emission standards are less strin- 
gent than gasoline emission standards. In the United States, both diesel and gaso- 
line vehicles are required to meet the same standards. Further, the U.S. standards 
are more stringent overall compared to Europe. The result is that diesels in Europe 
do not require the same level of emissions control technology and associated costs 
that diesels in the United States would require. 

But, whether diesels can meet U.S. emission standards remains to be seen. For 
example, a Corolla-sized vehicle equipped with Toyota’s advanced D-CAT diesel cat- 



50 


alyst designed for Europe appears to meet EPA Tier 2 Bin 5 emission levels when 
new. Tier 2 Bin 5 is the level the average new car and truck must meet in 2007. 
However, our analysis indicates catalyst performance degrades over time, even with 
ultra-low sulfur diesel fuel, causing emissions to more than double from the U.S. 
Tier 2 Bin 5 level to the Tier 2 Bin 7 level after 125,000 miles of operation. Besides 
meeting the basic emission standards, vehicles must also meet requirements under 
various conditions such as high-altitude, high speed, and cold temperature. These 
present additional cost and technical challenges. 

Given the added cost of emission-control hardware, the lack of diesel fuel price 
advantage, uncertain customer demand for diesels and — most of all the challenge 
of meeting emission standards, the prospect for widespread use of diesels in the 
United States remains unclear. One thing that is clear — we should not tradeoff pub- 
lic health for energy savings, especially when hybrid technology offers the potential 
to accomplish both. 

As you know Toyota is aggressively pursuing hybrid technology because it can 
provide increased fuel economy, reduced fuel consumption, cleaner emissions and 
improved vehicle performance without changes in the fueling infrastructure. Hy- 
brids combine an internal combustion engine with an electric motor and battery. 
There are several types of hybrids and their differences are important in terms of 
cost, performance and environmental benefit. The Toyota Hybrid Synergy Drive 
(HSD) that we market in the United States is a “full” or “strong” hybrid meaning 
that power is supplied by either the electric motor, the gasoline engine, or a com- 
bination of the two. The ability to operate solely on the electric motor is a unique 
feature of a full hybrid system and is key to achieving exceptional fuel economy. In 
addition, braking energy is captured and used to recharge the battery — and they 
never need to be plugged in. 

Since we first introduced the Toyota Prius in Japan in late 1997, we have made 
substantial improvements. The first-generation Prius was a subcompact car EPA- 
rated at about 42 miles per gallon that met Low Emission Vehicle requirements. Ac- 
celeration from 0-60 miles per hour was an unspectacular 14.5 seconds. With each 
subsequent generation, we have increased the size, performance and fuel economy 
while lowering tailpipe emissions. The current Prius is a mid-size sedan with an 
EPA-rated fuel economy of 55 miles per gallon — and it goes from 0-60 in just over 
10 seconds. Compared to the average mid-size car, Prius saves about 350 gallons 
of gasoline per year. Today’s Prius meets Tier 2 Bin 3 emission levels — making it 
about 50 percent cleaner for smog-forming emissions than the Tier 2 Bin 5 level. 
A major reason Toyota has focused on gasoline hybrids rather than diesel for the 
U.S. market is that hybrids provide fuel savings benefits plus there is no question 
about meeting and even exceeding existing U.S. emissions standards. 

And the market has begun to react — sales in 2005 alone equaled the total sales 
for the previous 4 years. However, despite the relative success, total hybrid sales 
in the United States still represent just over 1 percent of new vehicle sales. 

Earlier this year we introduced two new hybrids. In April we launched the Lexus 
RX400h SUV — followed in June by the Toyota Highlander Hybrid SUV. 

The all-wheel-drive Lexus RX400h combines a 208 horsepower V-6 engine with 
front and rear electric motors to produce an overall peak of 268 horsepower. The 
result is a V-6 SUV with acceleration on par with competing V-8 models, yet with 
an EPA-rated combined fuel economy of 28 miles per gallon — about the same as the 
average compact car. The RX400h saves about 350-450 gallons of gasoline per year 
compared to comparable luxury SUV’s. Further, it is certified to Tier 2 Bin 3 emis- 
sion standards just like Prius. The Toyota Highlander Hybrid is available in either 
2 or 4 wheel drive and has similar environmental performance. 

We envision a day when consumers can choose a hybrid powertrain option on any 
vehicle just like they currently choose between 4-cylinder, 6-cylinder and 8-cylinder 
conventional engines. To that end, we recently announced the upcoming introduc- 
tion of two new models — the Lexus GS450h luxury sports sedan and the Toyota 
Camry Hybrid, which will be our first hybrid produced here in the United States — 
at our Georgetown, KY plant. We expect both of these vehicles to deliver superior 
fuel economy and improved performance. 

The final point I want to make about hybrid technology concerns its applicability 
to a wide range of future powertrains, including fuel cells. Some view hybrids as 
a temporary measure to be replaced eventually by fuel cells. We view hybrids as 
an integral part of the future fuel cell. The only fundamental difference between our 
current gasoline hybrid system and our FCHV system is that the fuel cell stack re- 
places the gasoline engine. The hybrid portion of the system remains effectively un- 
changed. So the battery and control system improvements, production experience 
and cost reductions we are able to achieve with gasoline hybrids will have direct 
applicability in the future when fuel cells emerge. 
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In summary, we view hybrids as a core technology as we pursue sustainable 
transportation. The reality is that various types of powertrains and fuels are likely 
to be needed to address energy issues and public health concerns. Which tech- 
nologies eventually win-out will depend on meeting customer expectations at a rea- 
sonable cost and on local market and regulatory conditions. 

This concludes my remarks. Thank you for your attention. 
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Prepared Statement of Mary Ann Wright, Director, Sustainable Mobility 

Technologies and Hybrid and Fuel Cell Vehicle Programs, Ford Motor 

Company 

Members of the Joint Committee: 

Thank you for allowing me to address the Committee on this important issue. My 
name is Mary Ann Wright and I am the Director of Sustainable Mobility Tech- 
nologies and Hybrid and Fuel Cell Vehicle Programs at Ford Motor Company. 

Energy security and rising fuel prices are significant issues facing our nation. I 
appreciate the opportunity to share with you Ford Motor Company’s views on the 
most promising, advanced vehicle technologies. 

Industry, government and consumers all have important roles to play in address- 
ing our nation’s long-term energy needs. Industry should continue to invest in the 
development of energy-efficient technologies that provide cost-effective solutions for 
our customers. And, government needs to take steps to bring advanced technologies 
to market more-quickly and cost-effectively through customer incentives. 

Ford is committed to improving vehicle fuel economy by developing a portfolio of 
fuel-efficient advanced technology vehicles. Product solutions to improve fuel econ- 
omy must result in vehicles that customers can afford and are willing to purchase. 
We know that when customers consider purchasing a vehicle, they are concerned 
with vehicle affordability, quality, reliability, performance, safety, appearance, com- 
fort and utility. From our perspective, no one factor can be ignored in the highly 
competitive U.S. marketplace. 

At Ford we’re committed to developing better ideas and innovative solutions, and 
we are investing significant resources to develop advanced vehicle technologies. 
Henry Ford’s vision was to provide affordable transportation for the world. Ford 
Motor Company’s vision for the 21st century is to provide transportation that is af- 
fordable in every sense of the word — socially and environmentally, as well as eco- 
nomically. In other words, “sustainable transportation.” Offering innovative tech- 
nology that makes a difference for our customers and the world in which they live 
is not just the right thing to do — it’s smart business. 

As a result, we’re doing substantial development work with renewable fuels and 
four advanced powertrain technologies, including gasoline-electric hybrids, clean die- 
sels, hydrogen-powered internal combustion engines and hydrogen Fuel cell vehicles. 
I’ll briefly cover some of our efforts and accomplishments in each of these areas. 

We believe that renewable fuels will play an increasingly important role in ad- 
dressing U.S. energy security and energy diversity. All of our gasoline vehicles are 
capable of operating on blends including up to 10 percent renewable ethanol. In ad- 
dition, Ford Motor Company has produced approximately 1.5 million Flexible Fuel 
Vehicles capable of operating on up to 85 percent ethanol. Overall, the U.S. auto 
industry has produced over 5 million FFVs. Although the number of E85 vehicles 
continues to grow, there are only approximately 300 E85 fueling stations in the 
United States. As U.S. gasoline prices rise, the price of E85 has made it an increas- 
ingly attractive option to consumers. We continue to encourage a renewed focus on 
Federal policies and incentives that accelerate E85 infrastructure development to 
support flex fuel vehicles. 

We are also at the leading-edge of hybrid vehicle development — the Ford Escape 
Hybrid and Mercury Mariner Hybrid are great examples. Our hybrid SUVs can do 
virtually anything that our regular Escape or Mariner SUVs can, but with approxi- 
mately 75 percent better fuel economy in city driving. But it isn’t just a sensible so- 
lution or a new technology that led to 56 U.S. patents for Ford, with an additional 
83 U.S. patents pending, these are hot new products creating a lot of market buzz 
and the Escape Hybrid was recently named North American Truck of the Year. 

Over the next 3 years, we’ll have three other hybrids joining the Escape and Mar- 
iner — the Ford Fusion, the Mercury Milan, and the Mazda Tribute. Much of what 
we’ve learned in developing these hybrids will help us as we explore other advanced 
technologies. Nevertheless, a key challenge facing hybrids is the incremental costs — 
both in terms of higher prices for components and engineering investments — that 
must be overcome for this technology to transition from niche markets to high- 
volume applications. 

Ford is also working on advanced light duty diesel engines. Today’s clean diesels 
offer exceptional driveability and can improve fuel economy by 20-25 percent. This 
technology is already prevalent in many markets around the world — nearly half of 
the new vehicles sold in Europe are advanced diesels and Ford continues to accel- 
erate our introduction of diesel applications in these markets. There are, however, 
many hurdles that inhibit wide-scale introduction of this technology in the United 
States. We are working to overcome the technical challenges of meeting the ex- 
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tremely stringent Federal and California tailpipe emissions standards. Remaining 
issues include fuel quality, customer acceptance and retail fuel availability. 

We are also working on what we think is the next step on the road to sustainable 
transportation — hydrogen-powered internal combustion engines. Ford is a leader in 
this technology. We think it’s a bridge to the development of a hydrogen infrastruc- 
ture and, ultimately, fuel cell vehicles. Ford recently announced that we will develop 
hydrogen powered E450 shuttle buses for fleet demonstrations in North America 
starting next year. Ford is also working on applying this engine technology to sta- 
tionary power generators and airport ground support vehicles to further accelerate 
the technology and fueling infrastructure development. 

Further down the road, hydrogen powered fuel cells appear to be another prom- 
ising technology for delivering sustainable transportation. Hydrogen can be derived 
from a wide range of feedstocks to increase energy diversity, and fuel cells are ex- 
tremely energy efficient and produce no emissions. Our Ford Focus Fuel Cell vehicle 
is a state-of-the-art hybridized fuel cell system. We have already placed a small fleet 
of these vehicles in Vancouver and are working with the U.S. Department of Energy 
and our program partner BP to deliver vehicles and fueling in California, Florida 
and Michigan in the near future. 

Fuel cells are promising, but there are also tremendous vehicle and infrastructure 
challenges that must be addressed before they can reach commercial viability. Solu- 
tions will require technological breakthroughs and the concerted efforts of govern- 
ment, the auto industry and energy providers. 

In conclusion, our objective is simple . . . give consumers more of what they want 
which is performance, drivability, affordability, utility and a cleaner environment. 
Advanced vehicle technologies can increase vehicle fuel efficiency without sacrificing 
these other attributes. We support policies that promote research and development 
of advanced technologies and the development of renewable fuel sources. In addi- 
tion, market-based consumer incentives need to be a key element of a coordinated 
strategy to effectively address sustainable transportation and energy security. Con- 
sumer tax credits for advanced vehicles will help consumers overcome initial costs 
premiums associated with early market introductions; bringing more energy effi- 
cient vehicles into the marketplace more-affordably and in higher-volumes. 

Ford Motor Company believes that the current U.S. Energy Bill contains many 
important policies and incentives to address our nation’s energy needs and we en- 
courage Congress to pass this legislation. 

Thank you again for the opportunity to address the Committee. 


Prepared Statement of Mark Chernoby, Vice President, Advanced Vehicle 
Engineering, DAimlerChrysler Corporation 

Mr. Chairman and distinguished Members of the Joint Economic Committee, I 
want to thank you for the opportunity to appear before you today. 

I am coming before you today to describe DaimlerChrysler’s efforts in developing 
and implementing alternative technologies for powering automobiles and what we 
are doing in advanced technologies with respect to the hydrogen economy. 

PETROLEUM PRICES REMAIN HIGH 

Crude oil prices remain very high, especially in contrast to the lows reached in 
1998 and 1999. They are still considerably lower than the peak in real oil prices 
which was reached in the early eighties. The monthly average price for June was 
$57 per barrel and in July oil prices have closed above $60 on several days. While 
most analysts think prices have probably peaked, prices are expected to remain 
above $50 per barrel for some time. While the consensus outlook for oil prices has 
continued to move higher, most economists still expect prices to decline steadily 
from the current price of $57 per barrel. The consensus is for oil to decline to less 
than $50 per barrel next year and with additional declines in the following years. 

CURRENT OIL PRICES HAVE LIMITED IMPACT ON CONSUMERS 

Despite oil prices consistently much higher than predicted, economic growth has 
slowed only moderately. The economy and the auto industry seem to be weathering 
very high oil prices much better than expected. Though it is a near certainty that 
the economy will slow in the face of both expensive oil and continued central bank 
rate increases, the slowing appears to be gradual and modest so far. Total vehicles 
sales through June are about 2 percent above the comparable period in 2004. In ad- 
dition, the market share of trucks is slightly higher then in the prior year. Based 
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on the sales data for 2005, consumers do not seem to be altering their purchasing 
preference due to more expensive oil. 

While the economic effects of high oil prices have not had as dramatic effect as 
originally anticipated, DaimlerChrysler is focused on in improving automobile en- 
ergy efficiency in short-term and long-term and is pursuing a broad portfolio of al- 
ternatives. 

IMPROVING ENERGY EFFICIENCY VIA ALTERNATIVE AND ADVANCED PROPULSION 
RELATED TECHNOLOGIES 

DaimlerChrysler is engaged in a broad range of advanced propulsion technologies. 
Fuel cell vehicles are a long term focus of this technology portfolio, which also in- 
cludes efficient gasoline engines, advanced diesels, and hybrid powertrain systems. 
(See Figure 1: DaimlerChrysler’s Advanced Propulsion Technologies) 

DaimlerChrysler is focused on providing the market with the ability to select the 
advanced propulsion technology that best fits the needs of the individual customer. 
Each of the short term technologies optimizes its benefit to the consumer in specific 
drive cycles, hence its value to the customer. 

DaimlerChrysler has developed and implemented technologies that improve the 
efficiency of the current gasoline propulsion system. We must continue to enhance 
the gasoline combustion propulsion system since it will be the dominant choice in 
the market for many years to come. We offer the Multi-Displacement System (MDS) 
available in the HEMI in seven Chrysler Group vehicles. MDS seamlessly alternates 
between smooth, high fuel economy four-cylinder mode when less power is needed 
and V-8 mode when more power from the 5.7L HEMI engine is in demand. The sys- 
tem yields up to 20 percent improved fuel economy. 

We are also working on further development of gasoline direct-injection which 
considerably enhances fuel economy by closely monitoring fuel atomization. 

While enhancements to existing internal combustion engine (ICE) technology offer 
opportunities for improvements in fuel economy in the short to mid-term, these im- 
provements to ICEs must be accompanied by continuous improvements to the fuels 
on which they run. Thus, the availability of sulfur-free gasoline and diesel fuels, 
with other properties tightly controlled is a critical enabler for significant improve- 
ments in fuel economy. 

DaimlerChrysler offers four different diesel powertrains in the United States, not 
including heavy trucks. Advanced diesel technology offers up to 30 percent better 
fuel economy and 20 percent less CO 2 emissions when compared to equivalent gaso- 
line engines. While the fuel economy advantages of some vehicle propulsion tech- 
nologies, such as hybrids may be limited to, or accentuated in a single mode of driv- 
ing, an advantage of the diesel engine is that it offers significant fuel economy im- 
provements under all driving conditions. Advanced diesel is a technology that is 
available today and can help reduce our nation’s dependency on foreign oil. Accord- 
ing to a J. D. Power and Associates study, light duty diesels are expected to grow 
from a 3 percent market share in 2004 to 7.5 percent in 2012. 

Designing more engines to run on Biodiesel is a current objective at 
DaimlerChrysler. Biodiesel fuel reduces emissions of diesel vehicles, including car- 
bon dioxide, and lowers petroleum consumption. Each Jeep Liberty Common Rail 
Diesel (CRD) built by DaimlerChrysler is delivered to customers with B5 biodiesel 
fuel. Nationwide use of B2 fuel (2 percent biodiesel) would replace 742 million gal- 
lons of gasoline per year, according to the National Biodiesel Board. 
DaimlerChrysler is also investigating the potential use of B20 fuel. 

While alternative, renewable fuels such as ethanol or biodiesel offer an attractive 
opportunity to reduce petroleum dependence, we do not see these fuels completely 
replacing petroleum in the foreseeable future. Rather, alternative fuels should be 
seen as pieces in the puzzle which represents the reduction of petroleum depend- 
ence. The role of renewable ethanol and biodiesel, and ultimately, renewable hydro- 
gen, should be considered in the context of improved efficiency of conventional gaso- 
line and diesel powertrains, hybrids, and fuel cells. Innovative public policy aimed 
at reductions in vehicle miles traveled (VMT) can also be part of this equation. 
DaimlerChrysler has set itself the goal of systematically promoting the develop- 
ment, testing and market launch of renewable fuels. 

Rising gasoline prices in the United States have increased the interest in Flexible 
Fuel Vehicles (FFVs). Chrysler Group has sold nearly 1.5 million FFVs capable of 
running on E85 (85 percent ethanol), gasoline or a mixture of the two. In total, over 
4 million FFVs have been produced by the U.S. auto industry. Internal estimates 
have calculated that if the current fleet of over 4 million FFVs on the road today 
was operated on E-85 made from corn using the current fermentation and distilla- 
tion processes, CO 2 emissions would be reduced by 10 million tons/yr and gasoline 
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use would be reduced by 130 thousand barrels per day. Shifting to a new process 
of ethanol production from herbaceous biomass would result in essentially the same 
petroleum reduction, but CO 2 emissions would be reduced by over 22 million tons/ 
yr. However, there currently is only minimal infrastructure to support vehicles ca- 
pable of running alcohol based fuels (ethanol and methanol) and the cost for alcohol 
based fuels is higher than gasoline on an energy equivalency basis. (See Figure 2: 
Energy and Cost Comparison of Fuels) 

DaimlerChrysler and GM have recently combined efforts to develop a two-mode 
hybrid drive system that surpasses the efficiency of today’s hybrids. The partnership 
will cut development and system costs while giving customers an affordable hybrid 
alternative that improves fuel economy. The first use of the system by 
DaimlerChrysler will be in early 2008 with the Dodge Durango. 

We are also looking at market niches where alternate technologies can have an 
impact in reducing our dependence on gasoline for transportation. One such oppor- 
tunity is the Neighborhood Electric Vehicle (NEV), all-electric, battery-powered ve- 
hicles for use in reduced-speed on- and off-road settings. Some 30,000 
DaimlerChrysler GEM electric vehicles are in use around the country, mostly for 
short trips — the kind of trip in which gas-powered vehicles produce most of their 
emissions. 

In addition to the propulsion related activities underway, mentioned above, 
DaimlerChrysler sees opportunities in using advanced materials as a way to reduce 
vehicle mass and therefore improve vehicle efficiency. Materials currently being in- 
vestigated for new or increased vehicular application include: advanced high 
strength steel, aluminum, composites, titanium, magnesium, and improved alloys 
for casting. With each of these materials comes the challenge of new joining meth- 
ods and technologies as well as compatibility with other materials. 

CONSUMER RESPONSE POTENTIAL FOR ADVANCED AND ALTERNATIVE PROPULSION 

TECHNOLOGIES 

Consumers are rational and will purchase vehicles embodying advanced fuel sav- 
ing technologies when the purchase makes economic sense. This implies that the 
added cost of the technology must be less than the net present value of the fuel sav- 
ings. In this regard, both higher fuel prices and higher tax subsidies for advance 
technology vehicles make such vehicles more attractive to consumers. 

LONGER TERM ADVANCED TECHNOLOGIES — DAIMLERCHRYSLER’S EFFORTS TO ADVANCE 
THE “HYDROGEN ECONOMY” 

DaimlerChrysler has been working on fuel cell technology for transportation uti- 
lizing hydrogen for over 10 years. We have invested over $1 Billion in R&D and 
have developed multiple generations of varying types of vehicles, including five gen- 
erations of passenger cars (NECAR1, 2, 3, and 4, and the F-Cell). Of all manufactur- 
ers, we have the largest worldwide fleet of fuel cell cars and buses (more than 100 
vehicles) participating in several international demonstration projects in the United 
States, Europe, and Asia. (See Figure 3: DaimlerChrysler Fuel Cell History) 

As a member of the United States Council for Automotive Research (USCAR), 
DaimlerChrysler is a partner in the Department of Energy’s (DOE) FreedomCAR 
and Fuel Partnership along with General Motors and Ford Motor Company, and BP 
America, ChevronTexaco Corporation, ConocoPhillips, Exxon Mobil Corporation, and 
Shell Hydrogen. The recent addition of these five major energy providers has 
strengthened the Partnership considerably, by providing expertise to solve the infra- 
structure challenges. DaimlerChrysler has also been working with the DOE since 
1993 on advanced automotive technology research. We support the initiative as 
members on technical teams related to advanced automotive technology, including: 

• Energy Storage 

• Light Weight Materials 

• Advanced Combustion 

• Hydrogen Storage 

• Fuel Cell 

• Codes & Standards 

• Electrical and Electronics 

• Vehicle Systems Analysis 

Through these tech teams, we help develop priorities based on future needs and 
manage a portfolio of research projects directed at a set of research goals and objec- 
tives. 

We also are one of four recipients to participate in the DOE Hydrogen Learning 
Demonstration Project. By the end of 2005, we will have 30 vehicles located in three 
ecosystems (Southern California, Northern California, and Southeastern Michigan) 
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and were the first OEM to provide valuable technical data to the DOE. (See Figure 
4: DOE Hydrogen Fleet & Infrastructure Demonstration & Validation Project) 

The current technology is being evaluated in several fleet demonstration projects 
around the world. The largest is the DOE’s program in the United States. These 
programs include a few hundred vehicles worldwide and several hydrogen fueling 
stations. 

DaimlerChrysler projects that the hydrogen fueled vehicle technologies will evolve 
in discreet phases driven be the following cadence of events: 

• Breakthrough in basic research 

• Bench/laboratory development 

• “On road” testing and development 

• Parallel manufacturing process development 

Technological breakthroughs are required in hydrogen storage and fuel cell tech- 
nology (focused on cost & durability). DaimlerChrysler shares a commitment with 
our partners in the FreedomCAR and Fuel Partnership effort to achieve these gains. 
It is a challenge to predict a definitive timeline for technological discovery. The vehi- 
cle fleet could grow to tens of thousands if significant shifts occur in the infrastruc- 
ture and value to the consumer. The infrastructure must expand to a much larger 
scale beyond local support. This will be critical to support the freedom to travel that 
consumers will demand when we move from a market dominated by local “fleet” 
customers to the average consumer. 

High volume commercialization will require a highly distributed infrastructure ca- 
pable of delivering cost competitive hydrogen and fuel cell powered vehicles that can 
compete with other fuel efficient technologies. It is likely that this will require con- 
tinued government policy support for vehicle and fuel. Additionally, transitioning 
the manufacturing sector and supply base will require large investments in both 
time and resources. Along with DOE and the Department of Commerce, 
DaimlerChrysler is participating in identifying and addressing the most significant 
issues associated with this transition. 

In addition to the technology challenges identified above, the cost challenges are 
significant barriers. To realize large scale market penetration, we will have to ap- 
proach the value that customers enjoy with current propulsion technologies. 

Even with a viable vehicle, the hydrogen economy will not become a reality with- 
out a highly distributed infrastructure. Our energy partners in the FreedomCAR 
and Fuel effort are committed to the research and technology development required 
to realize this goal. Industry and government will need to work together to develop 
an implementation plan with financial viability for all entities. 

Due to the enormity of the transition to a hydrogen economy, DaimlerChrysler ac- 
tively participates in the FreedomCAR and Fuel Partnership. The research required 
to solve the technical challenges of the hydrogen economy is universally viewed as 
“high risk” by industry. The enabling, pre-competitive research sponsored by DOE 
through the FreedomCAR and Fuel Partnership is very important to the industry 
and is focused on overcoming the aforementioned challenges. These challenges can 
not be solved by any one company, industry or country. As a global company we 
also support DOE’s participation in the IPHE and other activities around the world 
to address these challenges. 

THE PATH TO THE FUTURE — ADVANTAGE S OF DEVELOPING ADVANCED VEHICLE 
TECHNOLOGIES FOR MORE TRADITIONAL PROPULSION SYSTEMS 

As stated earlier, DaimlerChrysler is working on a broad portfolio of technologies 
to improve the efficiency and environmental impact of transportation. In the short- 
term we continue to improve the internal combustion engine (ICE). In the mid-term 
we are developing hybrid vehicles utilizing electric drive systems, integrated power 
modules and advanced batteries. In the long term fuel cell vehicles with on-board 
hydrogen storage from a national hydrogen infrastructure will emerge. 

The current portfolio of R&D within the DOE’s FreedomCAR and Fuel Initiative 
is focused on the long term hydrogen vision, but many of the technologies are useful 
and will mature in the shorter term as transition technologies. Cost effective, light- 
weight materials can be applied to vehicles in the short term to improve fuel effi- 
ciency regardless of the propulsion technology. Advanced energy storage and motors 
will benefit both hybrid and fuel cell vehicles. Novel approaches to hydrogen storage 
are uniquely required by hydrogen fueled vehicles, but can support stationary and 
portable applications in the industrial and consumer markets. 

It is important to advance and mature many of the aspects of the technology as 
early as possible. There are many challenges and breakthroughs needed to realize 
the President’s vision of a “Hydrogen Economy”. (See Figure 5: Technology Relation- 
ship Strategy) 
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Figure 1 : Some of DaimlerChrysIer’s Advanced Propulsion Technologies 



Figure 2: Energy and Cost Comparison of Fuels 


Fuel 

Volumetric 

Energy 

Density 

(BTU/gal) 

Gravimetric 

Energy 

Density 

(BTU/lb) 

Cost ($)* 

Cost 

$/Gasoline 

Gallon 

Equivalent 

Gasoline 

115,000 

18-19,000 

2.32/gal 

1.00 

Diesel 

128,400 

18-19,000 

2.39/gal 

0.93 

E85 

82,000 

12,550 

1.85/gal 

1.11 

Hydrogen 

** 

51,500 

1.20/lb 

7 50*** 


* Current retail prices, including taxes, except for hydrogen, which is a wholesale price 
** The volumetric energy density for hydrogen is dependent on the form of storage (5,000 psi, 10,000 psi, 
liquid, or as metal hydrides). 

*** If hydrogen were produced in transportation fuel quantities, forecasters suggest its cost for gasoline 
gallon equivalent would approach 1 . 
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Figure 3: DaimlerChrysler Fuel Ceil History 



Figure 4: DOE Hydrogen Fleet & Infrastructure Demonstration & Validation 
Project 
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Figure 5: Technology Relationship Strategy 
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1350 I Street NW 
Washington, DC 20005 USA 


August 16, 2005 


Dan R. Brouillette 

Vice President 
Governmental Affairs 


The Honorable Jim Saxton 
Chairman, Joint Economic Committee 
U.S, House of Representatives 
Washington, DC 20515 


Dear Mr. Chairman: 

During the July 28, 2005, Joint Economic Committee Hearing on 
"Alternative Automotive Technologies and Energy Efficiency" our technology 
expert, Mary Ann Wright, was asked to state Ford's position on the National 
Highway and Safety Administration's (NHTSA) CAFE program. Not being her area 
of expertise, Ms. Wright promised that Ford would respond to the Committee's 
question in writing, which can be found below. 

Ford Motor Company is committed to improving the fuel economy of our 
vehicles. As you know, we offer U.S. consumers the only American-made full 
hybrid-electric vehicles - the Ford Escape Hybrid and the Mercury Mariner Hybrid 
SUVs. We are very proud of these energy-efficient, advanced technology vehicles, 
and we have plans to introduce three additional hybrids by 2008. 

Regarding CAFE, NHTSA has initiated a rulemaking to reform the current 
CAFE program with the goals of reducing its inequities and improving its 
effectiveness, and evaluating future maximum feasible standards. We support these 
efforts and continue to work cooperatively with NHTSA during the rulemaking 
process. Later this summer, NHTSA is expected to release the details of the program 
reforms in a Notice of Proposed Rulemaking (NPRM). Ford Motor Company will 
fully evaluate the proposed new system and analyze its impact on our product and 
technology plans. 

Thank you for inviting us to participate in the July 28 hearing and for 
allowing us to respond to the Committee's question. 


jjfSincerely, 


DanBrouillette 
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Department of Energy 

Washington, DC 20585 


September 27, 2005 


The Honorable Jim Saxton 
Chairman 

Joint Economic Committee 
U.S. House of Representatives 
Washington, DC 20515 

Dear Mr. Chairman: 


On August 25, 2005, we sent you the edited transcript of the July 28, 2005, 
testimony given by David Gartnan, Under Secretary, regarding “Alternative Automotive 
Technologies and Energy Efficiency.” 

Enclosed are two inserts requested by you and Representative Hinchey for the 
hearing record. 


If we can be of further assistance, please have your staff contact our 
Congressional Hearing Coordinator, Lillian Owen, at (202) 586-2031. 

Sincerely, 



Secretary 
hgressional and Intergovernmental 
Affairs 


Enclosures 


Printed with soy ink on recycled paper 
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Responses by David K. Garman to Hon. Jim Saxton, Chairman, 

House Joint Economic Committee 

According to the National Ethanol Vehicle Coalition, there are 6.75 million flexi- 
ble fuel vehicles on the road in the United States. That is approximately 3.2 percent 
of the 209,624,000 light duty trucks and cars in 2002. Five manufacturers currently 
supply 24 different models to the U.S. market. 


Response by David K. Garman to Hon. Maurice D. Hinchey, 

U.S. Representative 

A number of studies have recently been conducted which address the question of 
how much energy is needed to produce a gallon of ethanol. Calculations of the en- 
ergy inputs required for ethanol production and distribution include energy used 
throughout the process: the energy expended to grow and harvest the corn, trans- 
port the corn to the ethanol plant, convert the corn to ethanol and other products, 
and transport the ethanol to refueling stations. Agricultural inputs include the en- 
ergy used to produce and transport fertilizers and pesticides, the fuel used in trac- 
tors and other farm equipment, and the energy needed for irrigation. 

A commonly used metric for evaluating ethanol production is the fossil energy bal- 
ance, which is the ratio of the energy out (the energy in a gallon of ethanol) to the 
fossil energy inputs (the fossil energy used to produce the gallon of ethanol). A 2004 
study by the U.S. Department of Agriculture (USDA) (Ref. 1) concluded that ap- 
proximately 600,000 Btus of fossil energy are used to produce about one million 
Btus of corn ethanol, resulting in a 1.67 fossil energy balance. A 2005 study led by 
General Motors (Ref. 2) used the Argonne National Laboratory (ANL) Greenhouse 
Gases, Regulated Emissions, and Energy Use in Transportation (GREET)) model to 
calculate fossil fuel inputs to produce or transport ethanol. The GREET model esti- 
mated that roughly 760,000 Btus of fossil energy are used to produce about one mil- 
lion Btus of corn ethanol. The fossil energy balance is 1.32. 

The report (Ref. 3) by Professors David Pimentel (Cornell University) and Tad 
Patzek (University of California) estimated that roughly 1.2 million Btus of fossil 
energy are used to produce about one million Btus of corn ethanol. The energy bal- 
ance for the Cornell report is 0.833. The differences between the Cornell energy bal- 
ance and the USDA and ANL energy balances are due primarily, but not entirely, 
to different assumptions for energy inputs. Energy consumption in agriculture and 
ethanol production has decreased significantly over the past 15 years. Professor 
Pimentel uses energy consumption data that are less updated than the data used 
in the USDA and ANL studies. In addition, the Cornell study also included several 
energy input categories not included in the USDA and ANL studies — the energy 
used to manufacture farm equipment and construct the ethanol plant, and the ca- 
loric energy consumed by workers. 

By comparison, accounting for the energy expended for oil extraction and gasoline 
refining, roughly 1.238 million Btus of fossil energy are needed to produce 1 million 
Btus of gasoline. Comparing the gasoline energy balance to the USDA and ANL 
com ethanol energy balances, the fossil energy requirements for corn ethanol are 
about 48 and 60 percent, respectively, of those of gasoline. Most of the fossil energy 
inputs for corn ethanol are natural gas and coal. The GREET model estimates that 
approximately 90,000 Btus of petroleum are used to produce one million Btus of 
com ethanol. That is, about 90 percent less petroleum is used to produce a Btu of 
ethanol than a Btu of gasoline. 

With the exception of the 2005 Cornell study and previous Cornell studies, nearly 
all studies conducted from 1994 on show positive energy balances for corn ethanol. 
A 2005 presentation by Dr. Michael Wang of ANL (Ref. 4) discussed some of the 
key differences in assumptions used in the ANL and Cornell studies. Driven by eco- 
nomics, ethanol plant operators have cut down on energy consumption and their 
plants are significantly more efficient than a dozen years ago. 

Ethanol plants also produce animal feed products from the corn feedstock, and 
some of the energy inputs should be allocated to these co-products. The most com- 
mon ways for calculating co-product credits are the displacement and energy meth- 
odologies. For the displacement methodology, the co-product credit is based on the 
energy used to produce the comparable animal feed product being substituted for 
(displaced). For the energy methodology, the energy used to produce the ethanol and 
co-products are accounted for separately. The Cornell study estimated a lower co- 
product credit for the animal feed than the USDA and ANL studies, another cause 
of the difference in results between the Cornell studies and the other studies. 
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Reference 1 

THE 2001 NET ENERGY BALANCE OF CORN-ETHANOL 


Hosein Shapouri*, U.S. Department of Agriculture (USDA), Office of the Chief 
Economist (OCE), 300 7 th Street SW., Room 361, Washington, D.C. 20024, telephone: 
202 401 0531, James Duffield, USDA/OCE, Andrew McAloon, USDA/Agricultural 
Research Service (ARS), Eastern Regional Research Center, 600 East Mermaid Lane, 
Wyndmoor, PA. 19038, and Michael Wang, U.S. Department of Energy, Center for 
Transportation Research, Energy Systems Division, Argonne National Laboratory, 9700 
South Cass Avenue, Argonne, IL. 60439 


ABSTRACT 

This report estimates the net energy balance of com ethanol utilizing the latest survey of 
U.S. com producers and the 2001 U.S. survey of ethanol plants. The major objectives of 
this report are to improve the quality of data and methodology used in the estimation. 

This paper also uses ASPEN Plus, a process simulation program, to allocate total energy 
used to produce ethanol and byproducts. The results indicate that com ethanol has a 
positive energy balance, even before subtracting the energy allocated to by products. 

The net energy balance of com ethanol adjusted for byproduct credits is 27,729 and 
33,196 Btu per gallon for wet- and dry-milling, respectively, and 30,528 Btu per gallon 
for the industry. The study results suggest that com ethanol is energy efficient, as 
indicated by an energy output/input ratio of 1.67. 

Keywords: Corn-ethanol, energy inputs, dry-and wet-milling, net energy balance 

INTRODUCTION 

USDA’s net energy balance of com-ethanol was published in 1995, 2002, and 2003 in the 
American Society of Agricultural Engineers (ASAE), Shapouri et al. Since 1970, many 
authors have studied the net energy balance of com-ethanol. The major objective of this 
report is to improve the general estimation procedure. These improvements include: (1) 
regular updating of the estimates based on the latest data on com production and com 
yield, (2) improving the quality of estimates for energy used in manufacturing and 
marketing nitrogen fertilizer, (3) improving the quality of estimates for energy used to 
produce seed-com, and (4) enhancing the methodologies used in allocating the energy 
used in ethanol production (to byproducts and ethanol). In contrast to three previous 
studies, all energy inputs are reported in low-heat value (LHV). 

During the past 2 years, David Pimentel, 2003, Tad Patzek, 2003, and Andrew Ferguson, 
2003, criticized USDA’s studies of the net energy balance of com ethanol. It is argued 
that USDA underestimates energy used in the production of nitrogen fertilizer and the 
energy used to produce seed-com, over estimating the energy allocated to produce com- 
ethanol byproducts. They also argued that USDA excludes energy used in com irrigation 
and secondary energy inputs used in the production of com, such as farm machinery and 
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equipment and cement, steel, and stainless steel, used in the construction of ethanol 
plants. 

THE NET ENERGY BALANCE 

This paper, unlike the Dr. Pimentel report, 2003, is based on straightforward 
methodology and highly regarded quality data from the 2001 Agricultural Resource 
Management Survey (ARMS), Economic Research Service, ERS/USDA, 2001 
Agricultural Chemical Usage, and 2001 Crop Production, National Agricultural Statistics 
Service, NASS/USDA, and the 2001 survey of ethanol plants. 


Direct energy used on farms, such as gasoline, diesel, LP gas (LPG), natural gas, and 
electricity, for the production of com, including irrigation by States from 2001 ARMS, 
are available on the ERS Web site. The number of seed-com planted per acre in 2001 , 
custom work expenditure, tons of lime used per acre, and purchased water were also from 
the 2001 ARMS. Quantities of fertilizers and pesticides used per acre of com in 2001 
were published by NASS. Although com is produced in every State, we focused our 
analysis on the major com-producing States: Illinois, Indiana, Iowa, Minnesota, 
Nebraska, Ohio, Michigan, South Dakota, and Wisconsin. In 2001, these nine States 
accounted for 79 and 92 percent of U.S. com and ethanol production, respectively. 


Com yield is a critical part of the net energy balance estimation. Although the com yield 
has been rising over time, the annual variation is very volatile. Therefore, we used a 3- 
year average yield instead of the average yield for the survey year. The 2000-02 
weighted average com yield in each State was used to convert farm inputs from a per acre 
basis to a per bushel basis (2001 Crop Production, NASS). Table 1 shows the nine-State 
energy input data per acre of com and nine-State weighted average for the 2001 ARMS. 


Table 1 -Energy-related inputs used to grow com in nine States and nine-State weighted average, 2001 




IL 

IN 

IA 

MN 

NE 

OH 

Ml 

SD 

Wl 

9-State 

Weighted 

average 

Yield 2000-02 

average 

Bushels/acre 

146.31 

141.85 

152.06 

144.35 

133.66 

125.8 

114.78 

105.82 

131.48 

139.34 

Seed 

Kemels/acre 

29158 

28281 

29855 

30816 

26619 

28934 

27867 

25270 

29860 

28739 

Fertilizer 

Nitrogen 

pounds/acre 

154.53 

147.33 

125.04 

113.74 

131.73 

168.3 

125.52 

109.09 

106.6 

133.52 

Potash 

pounds/acre 

116.81 

132.32 

68.72 

61.82 

21.14 

112 

102.1 

31.99 

56.01 

88.2 

Phosphate 

pounds/acre 

80.88 

67.28 

57.32 

46.31 

35.18 

67.39 

50.06 

45.54 

37.43 

56.81 

Lime 

pounds/acre 

20 

20 

20 

0 

0 

20 

20 

0 

60 

15.67 

Energy: 

Diesel 

Gallons/acre 

3.7 

4.6 

4.6 

5.4 

12.4 

4.3 

7.2 

4.4 

7.4 

6.85 

Gasoline 

Gallons/acre 

1.5 

2.1 

1.2 

1.7 

2.1 

1.6 

2.5 

1.5 

1.4 

3.4 

LPG 

Gallons/acre 

2.8 

3.2 

7.2 

8.5 

4.1 

5.6 

3.6 

0.5 

1.9 

3.42 

Electricity 

kWh/acre 

9.6 

28.3 

16.8 

26.8 

152.5 

10 

25.5 

27.4 

6.6 

33.59 

Natural Gas 

Cubic ft/acre 

76.9 

144.2 

0 

45.8 

964 

164 

223.1 

7 

124 

245.97 

Custom work 

Dol./acre 

13.45 

7.8 

9.9 

8.58 

7.93 

8.29 

9.8 

9.3 

15.26 

10.12 

Chemicals 

Pounds/acre 

3.28 

3.19 

2.84 

2 

2.17 

3.7 

3.15 

1.83 

2.17 

2.66 

Purchased water 

Dol./acre 

0 

0 

0 

0 

1.2 

0 

0 

0 

0 

0.18 


Source: USDA, Economic Research Service and Office of Energy Policy and New Uses. 
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In previous studies, we assumed that energy used to produce seed-corn is equal to 1.5 
times the energy used to produce com. The review of literature and comments on our 
reports indicated that seed-com production requires more energy because the seed-com 
yield per acre is low and requires a considerable amount of electrical energy to process 
seed-com including drying, shelling, grading, cleaning and storage. Based on an 
unpublished report prepared by Michael Graboski, 2002, for the National Com Grower 
Association, the energy required for growing and processing seed-com is estimated at 4.7 
times that required for production of com. The factor of 4.7 is used in this study. 

The amount of energy used to produce a pound of nitrogen has been estimated in several 
studies. The values range from 18,392 Btu of high heat value (HHV) per pound, 

Shapouri et al, 2002, to over 33,590 Btu LHV per pound, Pimentel 2003. For this report, 
we asked Keith Stokes, President of the Stokes Engineering Company and fertilizer 
expert, to estimate the energy used in the production of nitrogen, phosphate, and potash 
fertilizers. His estimates of energy used (LHV) to make and deliver nutrients are 24,500 
Btu per pound of N, 4,000 Btu per pound of P2O5, and 3,000 Btu per pound of K 2 0. 

The energy used to produce herbicides and insecticides are from Wang et al. 1999, the 
Greenhouse Gas Regulated Emissions and Energy Use in Transportation (GREET) 
model, Argonne National laboratory. More than 153,000 Btu of energy is required to 
produce a pound of herbicides, and about 158,000 Btu of energy is required to produce a 
pound of insecticides. A weighted average of over 1 54,000 Btu of energy is used per 
pound of pesticides. Farm-related energy inputs are converted per bushel and then to Btu 
of energy per bushel of com by multiplying each input by its LHV. The energy required 
for hauling these inputs to farms, excluding fertilizer, was also estimated. The energy 
used to produce fertilizers includes energy used to deliver fertilizer to farm. The total 
energy requirements for farm inputs are given in Table 2. 

The energy associated with transporting the com from local storage facilities to ethanol 
plants was estimated by the GREET model. The average energy used for transporting a 
bushel of com was 5,636 Btu or about 2,120 Btu per gallon of ethanol. 

Ethanol production facilities include both dry- and wet-milling operations. Dry mills are 
usually smaller than wet mills and are built primarily to produce ethanol. Wet mills are 
bio-refineries and produce a wide range of products such as ethanol, high fructose com 
syrup (HFCS), starch, food and feed additives, and vitamins. Thermal and electrical 
powers are the main types of energy used in both types of processing plants. Wet mills 
usually generate both electrical and thermal energy from burning natural gas or coal. Dry 
mills use natural gas to produce steam and purchase electricity from a utility. 

The energy used to convert com to ethanol is based on a U.S. survey conducted in 2001 
by BBI International. On the average, dry mill ethanol plants used 1 .09 Kwh of 
electricity and about 34,700 Btu of thermal energy (LHV) per gallon of ethanol. When 
energy losses to produce electricity and natural gas were taken into account, the average 
dry mill ethanol plant consumed about 47,1 16 Btu of primary energy per gallon of 
ethanol produced. Wet mill ethanol plants that participated in the survey used 49,208 
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Table 2-Total energy requirements of farm inputs for nine State and nine-Stale weighted average, 2001 



IL 

IN 

1A 

MN 

NE 

OH 

Ml 

SD 

9-State 
Weighted 
Wl average 

Seed 

525 

557 

451 

512 

BTU/bushel 

804 780 

827 

623 

548 

603 

Fertilizer: 

Nitrogen 

25876 

25446 

20147 

19305 

24146 

32764 

26792 

25257 

19864 

23477 

Potash 

2395 

2798 

1356 

1285 

474 

2670 

2669 

907 

1278 

1899 

Phosphate 

2211 

1897 

1508 

1283 

1053 

2142 

1745 

1721 

1139 

1631 

Lime 

76 

79 

73 

0 

0 

89 

97 

0 

255 

63 

Energy: 

Diesel 

3853 

4941 

4609 

5700 

14136 

5207 

9558 

6336 

8576 

7491 

Gasoline 

1478 

2135 

1138 

1698 

2266 

1834 

3141 

2044 

1536 

3519 

LPG 

1644 

1938 

4067 

5058 

2635 

3823 

2694 

406 

1241 

2108 

Electricity 

614 

1868 

1035 

1739 

10685 

744 

2081 

2425 

470 

2258 

Natural Gas 

550 

1063 

0 

332 

7544 

1363 

2033 

69 

986 

1846 

Custom work 

2001 

1197 

1417 

1294 

1291 

1434 

1859 

1913 

2526 

1581 

Chemicals 

3453 

3464 

2877 

2134 

2501 

4530 

4227 

2664 

2542 

2941 

Purchased water 

0 

0 

0 

0 

946 

0 

0 

0 

0 

136 

input hauling 

143 

167 

178 

176 

242 

209 

254 

121 

251 

202 

Total 

44821 

47551 

38856 

40516 

68723 

57590 

57977 

44486 

41212 

49753 


Btu per gallon of natural gas and coal, on average, to produce steam and electricity in the 
plants. After adjustments for energy losses to produce natural gas and coal, on the 
average, a wet mill ethanol plant used 52,349 Btu of energy to make a gallon of ethanol. 

The average energy associated with the transport of ethanol from ethanol plants to 
refueling stations was estimated by the GREET model. The average energy used for 
transporting a gallon of ethanol was 1,487 Btu per gallon for both dry and wet milling. 

The production of ethanol comes with a range of byproducts, such as distillers dried 
grains with soluble (DDGS) in the dry milling operation, and com gluten feed (CGF), 
com gluten meal (CGM), and com oil in the wet milling process. The energy used to 
produce com and convert com to ethanol, including hauling com from farms or grain 
elevators to ethanol plants, should be allocated to ethanol and byproducts. 

In the previous studies, we used a replacement method to allocate total energy to ethanol 
and byproducts. For this report, we used ASPEN Plus, a process simulation program, to 
allocate the energy used in the plants to ethanol and byproducts. On the average, 59 and 
64 percent of the energy used to convert com to ethanol is allocated to ethanol in dry- and 
wet-mills respectively. 

Energy is used to produce and transport com to ethanol plants allocated to starch and 
other com kernel components, such as fiber, germ, and protein. Only starch is converted 
to ethanol. On the average, starch accounts for 66 percent of the com kernel weight (1 5 
percent moisture). Therefore, 66 percent of energy used to produce and transport com to 
ethanol plants is allocated to ethanol and 34 percent to byproducts. 


Energy used in the production of secondary inputs, such as farm machinery and 
equipment used in com production, and cement, steel, and stainless steel used in the 
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construction of ethanol plants, are not included in our study. Available information in 
this area is old and outdated. Pimentel, in his latest report (2003), used the 1979 Slesser 
and Lewis to estimate the energy used in the production of steel, stainless steel, and 
cement. 


RESULTS 

All energy inputs used in the production of ethanol is adjusted for energy efficiencies 
developed by GREET model. The estimated energy efficiencies are for gasoline (80.5 
percent), diesel fuel (84.3 percent), LPG (98.9 percent), natural gas (94 percent), coal (98 
percent), electricity (39.6 percent), and transmission loss (1.087 percent). After adjusting 
the energy inputs by these energy efficiencies, the total estimated energy required to 
produce a bushel of com in 2001 was 49,753 Btu. 

Table 3 summarizes the input energy requirements, by phase of ethanol production on a 
Btu per gallon basis (LHV) for 2001, without byproduct credits. Energy estimates are 
provided for both dry- and wet-milling as well as industry average. In each case, com 
ethanol has a positive energy balance, even before subtracting the energy allocated to 
byproducts. 


Table 4 presents the final net energy balance of com ethanol adjusted for byproducts. 
The net energy balance estimate for com ethanol produced from wet-milling is 27,729 
Btu per gallon, the net energy balance estimate for dry-milling is 33,196 Btu per gallon, 
and the weighted average is 30,528 Btu per gallon. The energy ratio is 1 .57 and 1 .77 for 
wet- and dry-milling, respectively, and the weighted average energy ratio is 1 .67. 


Table 3-Energy use and net energy value per 

gallon without coproduct energy credits, 2001 

Milling process W eighted 


Production process Dry Wet average 


Com production 

Btu per gallon 
18875 18551 

18713 

Corn transport 

2138 

2101 

2120 

Ethanol conversion 

47116 

52349 

49733 

ethanol distribution 

1487 

1487 

1487 

Total energy used 

69616 

74488 

72052 

Net energy value 

6714 

1842 

4278 

Energy ratio 

1.10 

1.02 

1.06 


Table 4-Energy use and net energy value per 
gallon with coproduct energy credits, 2001 



Milling process 

Weigted 

Production process 

Dry 

Wet 

average 

Corn production 

Btu per gallon 
12457 12244 

12350 

Com transport 

1411 

1387 

1399 

Ethanol conversion 

27799 

33503 

30586 

ethanol distribution 

1467 

1467 

1467 

Total energy used 

43134 

48601 

45802 

Net energy value 

33196 

27729 

30528 

Energy ratio 

1.77 

1.57 

1.67 


REFERENCES 

Ferguson, A. 2003. Implication of the USDA 2002 Update on Ethanol from Corn.Vol.3, 
No 1. Manchester, UK.: The Optimum Population Trust. 

Graboski, Michael. 2002. Fossil Energy Use in the Manufacturing of Corn Ethanol. 
Denver, CO.: Colorado School of Mines. 

Patzek, Tad. & CE24 Freshman Seminar Students. 2003. Ethanol from Corn: Clean 
Renewable Fuel for the Future, or Drain on our Resources and Pockets? Vol. 12, No. 2, 
Netherlands.: Natural Resources Research, Kluwer Academic Publishers. 



70 


Pimentel, David. 2003. Ethanol Fuel: Energy Balance, Economics, and Environmental 
Impacts are Negative. Vol.12, No.2.: 2003 International Association for Mathematical 
Geology, Natural Resources Research, 

Shapouri, H., J.A. Duffield, and M. Wang. 2003. The Energy Balance of Corn Ethanol 
Revisited.-. 2003 American Society of Agricultural Engineers, Vol.46 (4): 959-968. 
Shapouri, H., J.A. Duffield, and M. Wang, 2002. The Energy Balance of Corn Ethanol: 

An Update. AER-814. Washington, D.C.: USDA Office of the Chief Economist. 
Shapouri, H., J.A. Duffield, and M.S. Graboski. 1995. Estimating the Net Energy Balance 
of Corn Ethanol. AER-721. Washington, D.C.: USDA Economic Research Service. 
Stokes, Keith. 2004. Estimate of Energy Used to Make and Deliver N, P, and K 
Fertilizer to the Farm Gate. Weston, CT.: 2004 Special Reports for the USDA/OCE, 
Stokes Engineering Company. 

USDA-ERS. 2001. Commodity Costs and Returns, Energy Use on Major Field Crops in 
Surveyed States. Washington, D.C.: USDA Economic Research Service. 
www.ers.usda.gov/Data/CostsAndRetums/testpick.htm . 

USDA-NASS. 2001 . Agricultural Chemical Usage, 2001 field Crops Summary. 
Washington, DC.: USDA National Agricultural Statistics Service. 

USDA-NASS. 2001. Field Crops 2001 Crop Production. Washington, DC.: USDA 
National Agricultural Statistics Service. 

Wang, M., C. Saricks, and D. Santini. 1999. Effects of Fuel Ethanol Use on Fuel-Cycle 
Energy and Greenhouse Gas Emissions. Argonne, IL.: USDOE Argonne National 
laboratory, Center for Transportation Research. 



71 




U.S. Fuel Ethanol Production Has Experienced 
Large Increases , and The Trend Will Continue 



suojieB jo suojiiiw 


Source: Renewable Fuels Association 
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Ethanol Production Using Com, Switchgrass, and Wood; 
Biodiesel Production Using Soybean and Sunflower 


David Pimentel 1,3 and Tad W. Patzek 2 
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Energy outputs from ethanol produced using com, switchgrass, and wood biomass were each 
less than the respective fossil energy inputs. The same was true for producing biodiesel us* 
ing soybeans and sunflower, however, the energy cost for producing soybean biodiesel was 
only slightly negative compared with ethanol production. Findings in terms of energy outputs 
compared with the energy inputs were: • Ethanol production using com grain required 29% 
more fossil energy than the ethanol fuel produced. • Ethanol production using switchgrass 
required 50% more fossil energy than the ethanol fuel produced. • Ethanol production using 
wood biomass required 57% more fossil energy than the ethanol fuel produced. • Biodiesel 
production using soybean required 27% more fossil energy than the biodiesel fuel produced 
(Note, the energy yield from soy oil per hectare is far lower than the ethanol yield from com). 
• Biodiesel production using sunflower required 118% more fossil energy than the biodiesel 
fuel produced. 

KEY WORDS: Energy, biomass, fuel, natural resources, ethanol, biodiesel. 


INTRODUCTION 

The United States desperately needs a liquid 
fuel replacement for oil in the future. The use of oil 
is projected to peak about 2007 and the supply is 
then projected to be extremely limited in 40-50 years 
(Duncan and Youngquist, 1999; Youngquist and 
Duncan, 2003; Pimentel and others, 2004a). Alter- 
native liquid fuels from various sources have been 
sought for many years. Two panel studies by the 
U.S. Department of Energy (USDOE) concerned 
with ethanol production using corn and liquid fuels 
from biomass energy report a negative energy return 
(ERAB, 1980, 1981). These reports were reviewed by 
26 expert U.S. scientists independent of the USDOE; 
the findings indicated that the conversion of com into 
ethanol energy was negative and these findings were 


5 College of Agriculture and Life Sciences, Cornell University, 
Ithaca, New York 14853. 

2 Department of Civil and Environmental Engineering, University 
of California, Berkeley California 94720. 

5 To whom correspondence should be addressed; e-mail: 
dpI8@comell.edu. 


unanimously approved. Numerous other investiga- 
tions have confirmed these findings over the past two 
decades. 

A review of the reports that indicate that corn 
ethanol production provides a positive return indi- 
cates that many inputs were omitted (Pimentel, 2003). 
It is disappointing that many of the inputs were omit- 
ted because this misleads U.S. policy makers and the 
public. 

Ethanol production using corn, switchgrass, and 
wood, and biodiesel production using soybeans and 
sunflower, will be investigated in this article. 

CORN ETHANOL PRODUCTION 
USING CORN 

Shapouri (Shapouri, Duffield, and Wang, 2002; 
Shapouri and others, 2004) of the USDA claims that 
ethanol production provides a net energy return. In 
addition, some large corporations, including Archer, 
Daniels, Midland (McCain, 2003), support the pro- 
duction of ethanol using com and are making huge 
profits from ethanol production, which is subsidized 
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by federal and state governments. Some politicians 
also support the production of corn ethanol based 
on their mistaken belief that ethanol production pro- 
vides large benefits for farmers, whereas in fact farmer 
profits are minimal. In contrast to the USDA, nu- 
merous scientific studies have concluded that ethanol 
production does not provide a net energy balance, 
that ethanol is not a renewable energy source, is not 
an economical fuel, and its production and use con- 
tribute to air, water, and soil pollution and global 
warming (Ho, 1989; Citizens for Tax Justice, 1997; 
Giampietro, UIgiati, and Pimentel, 1997; Youngquist, 
1997; Pimentel, 1998, 2001, 2003 NPRA, 2002; 
Croysdale, 2001; CalGasoline, 2002; Lieberman, 2002; 
Hodge, 2002, 2003; Ferguson, 2003, 2004; Patzek, 
2004). Growing large amounts of corn necessary 
for ethanol production occupies cropland suitable 
for food production and raises serious ethical issues 
(Pimentel, 1991, 2003; Pimentel and Pimentel, 1996). 

Shapouri (Shapouri, Duffield, and Wang, 2002; 
Shapouri and others, 2004) studies concerning the 
benefits of ethanol production are incomplete be- 
cause they omit some of the energy inputs in the 
ethanol production system. The objective of this anal- 
ysis is to update and assess all the recognized inputs 
that operate in the entire ethanol production system. 
These inputs include the direct costs in terras of energy 
and dollars for producing the corn feedstock as well as 
for the fermentation/distillation process. Additional 
costs to the consumer include federal and state sub- 
sidies, plus costs associated with environmental pol- 
lution and degradation that occur during the entire 
production system. Ethanol production in the United 
States does not benefit the nation’s energy security, its 
agriculture, the economy, or the environment. Also, 
ethical questions are raised by diverting land and pre- 
cious food into fuel and actually adding a net amount 
of pollution to the environment. 

Energy Balance 

The conversion of com and other food/feed crops 
into ethanol by fermentation is a well-known and es- 
tablished technology. The ethanol yield from a large 
production plant is about 1 1 of ethanol from 2.69 kg 
of com grain (Pimentel, 2001). 

The production of corn in the United States 
requires a significant energy and dollar investment 
(Table 1). For example, to produce average corn 
yield of 8,655 kg/ha of com using average produc- 
tion technology requires the expenditure of about 
8.1 million kca! for the large number of inputs listed in 


Table 1 (about271 gallons of gasoline equivalents/ha). 
The production costs are about $91 7/ha for the 
8,655 kg or approximately lltf /kg of corn produced. 
To produce a liter of ethanol requires 29% more fossil 
energy than is produced as ethanol and costs 42^ per 1 
($1.59 per gallon) (Table 2). The corn feedstock alone 
requires nearly 50% of the energy input. 

Full irrigation (when there is little or no rainfall) 
requires about 100 cm of water per growing season. 
Only approximately 15% of U.S. com production cur- 
rently is irrigated (USDA, 1997a). Of course not all 
of this requires full irrigation, so a mean value is used. 
The mean irrigation for all land growing corn grain is 
8.1 cm per ha during the growing season. As a mean 


Table L Energy Inputs and Costs of Corn Production Per Hectare 
in the United States 


Inputs 

Quantity 

kca! x 1000 

Costs $ 

Labor 

11.4 hrs" 

462* 

1 48.20' 

Machinery 

55 kg* 

1.018* 

103215 

Diesel 

88 L* 

1,003* 

34.76 

Gasoline 

40 V 

405' 

20,80 

Nitrogen 

153 kg* 

2,448' 

94.86*” 

Phosphorus 

65 kg" 

270° 

40.30? 

Potassium 

77 kg’ 

251' 

23.87 J 

Lime 

1,120 kg' 

315“ 

11.00 

Seeds 

21 kg" 

520*" 

74.81* 

Irrigation 

8.1 cm' 

320* 

123.00" 

Herbicides 

6.2 kg“ 

620" 

124.00 

Insecticides 

2.8 kg" 

280" 

56.00 

Electricity 

132 kWh'" 

34" 

0.92 

Transport 

204 kg" 

169** 

61.20 

Total 


8.115 

$916.93 

Corn yield 8,655 kgfha" 

31,158 

kcal input: 
output 1:3.84 


"NASS, 1999; ‘’It is assumed that a person works 2,000 hr per yr 
and utilizes an average of 8,000 1 of oil equivalents per yr; c lt is 
assumed that labor is paid $13 an h; ^Pimentel and Pimentel, 1996; 
'Prorated per ha and 10 yr life of the machinery. TVactors weigh 
from 6 to 7 tons and harvesters 8 to 10 tons, plus plows, sprayers, 
and other equipment; /Hoffman, Wamock, and Himman, 1994; 
fWilcke and Chaplin. 2000; *lnput 11, 400 kcal per 1; 'Estimated; 
'Input 10,125 kcal per I; *USDA, 2002; 'Patzek, 2004; "Cost 62* 
per kg; "USDA, 2002; “Input 4,154 kcal per kg; ^Cost $62 per 
kg; ’USDA, 2002; 'Input 3,260 kcal per kg; 'Cost 31* per kg; 
'Brees, 2004; “Input 281 kcal per kg; "Pimentel and Pimentel, 
1996; "’Pimentel, 1980; 'USDA, 1997b; 'USDA. 1997a; ‘Batty and 
Keller, 1980; "Irrigation for 100 cm of water per ha costs $1,000 
(Larsen, Thompson, and Ham. 2002); 66 Larson and Cardwell. 1999; 
“USDA, 2002; "USDA, 1991 ; "Input 100,000 kcal per kg of herbi- 
cide and insecticide; //input 860 kca! per kWh and requires 3 kWh 
thermal energy to produce 1 kWh electricity; "Goods transported 
include machinery, fuels, and seeds that were shipped an estimated 
1,000 km; ^Input 0.83 kcal per kg per km transported; "USDA, 
2003a. 
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Table 2, Inputs Per 1000 1 of 99,5% Ethanol Produced From Com 0 


Inputs 

Quantity 

kcal x 1000 Dollars % 

Corn grain 

2,690 kg* 

2.522* 

284.25* 

Corn transport 

2.690 kg* 

322 f 

21.40* 

Water 

40,000 L e 

90^ 

21.16* 

Stainless steel 

3 kg' 

12' 

10.60* 

Steel 

4 kg' 

12' 

10.60* 

Cement 

8 kg' 

8' 

10.60* 

Steam 

2.546,000 kcal' 

2,546' 

21.16* 

Electricity 

392 kWh' 

1,011' 

27.44' 

95% ethanol 

9 kcai/L" 1 

9°‘ 

40.00 

to 99.5% 

Sewage effluent 

20 kg BOD" 

69* 

6.0 

Total 


6,597 

$453.21 


"Output: 11 of ethanol = 5,1 30 kcat;*Datt from Table l; c Calmlated 
for 144 km roundtrip; ‘'Pimentel, 2003; '15 1 of water mixed with 
each kg of grain; f Pimentel and others, 1997; ^Pimentel and others, 
2004b; *4 kWh of energy required to process 1 kg of BOD (Blais 
and others, 1995); 'Slesser and Lewis, 1979; 'Illinois Com, 2004; 
^Calculated based on coal fuel; '7f per kWh; m 95% ethanol con- 
verted to 99.5% ethanol for addition to gasoline (T. Patzek, per*, 
commu., University of California, Berkeley, 2004); "20 kg of BOD 
per 1,000 1 of ethanol produced (Kuby. Markoja, and Nackford, 
1984). 

value, water is pumped from a depth of 100 m (USDA, 
1997a). On this basis, the mean energy input associ- 
ated with irrigation is 320,000 kcal per ha (Table 1). 

The average costs in terms of energy and dollars 
for a large (245-285 million L/yr), modern ethanol 
plant are listed in Table 2. Note the largest energy 
inputs are for the com feedstock, the steam energy, 
and electricity used in the fermentation/distillation 
process. The total energy input to produce a liter of 
ethanol is 6,597 kcal (Table 2). However, a liter of 
ethanol has an energy value of only 5,130 kcal. Thus, 
there is a net energy loss of 1,467 kcal of ethanol pro- 
duced. Not included in this analysis was the distri- 
bution energy to transport the ethanol. DOE (2002) 
estimates this to be 2$/l or approximately more than 
331 kcal/1 of ethanol. 

In the fermentation/distillation process, the corn 
is finely ground and approximately 15 1 of water are 
added per 2.69 kg of ground com. After fermentation, 
to obtain a gallon of 95% pure ethanol from the 8% 
ethanol and 92% water mixture, the 1 1 of ethanol must 
come from the approximately 13 1 of the ethanol/water 
mixture. A total of about 13 1 of wastewater must be 
removed per 1 of ethanol produced and this sewage 
effluent has to be disposed of at both an energy and 
economic cost. 

Although ethanol boils at about 78° C, whereas 
water boils at 100°C, the ethanol is not extracted 


from the water in just one distillation process. In- 
stead, about 3 distillations are required to obtain the 
95% pure ethanol (Maiorella, 1985; Wereko-Brobby 
and Hagan, 1996; S. Lamberson, pers. comm. Cornell 
Univ. 2000). To be mixed with gasoline, the 95% 
ethanol must be processed further and more water 
removed requiring additional fossil energy inputs to 
achieve 99.5% pure ethanol (Table 2). The entire dis- 
tillation accounts for the large quantities of fossil en- 
ergy required in the fermentation/distillation process 
(Table 2). Note, in this analysis all the added en- 
ergy inputs for fermentation/distillation process to- 
tal $422.21, including the apportioned energy costs of 
the stainless steel tanks and other industrial materials 
(Table 2). 

About 50% of the cost of producing ethanol 
(42$ per l) in a large -production plant is for the corn 
feedstock itself (28$/I) (Table 2). The next largest in- 
put is for steam (Table 2). 

Based on current ethanol production technology 
and recent oil prices, ethanol costs substantially more 
to produce in dollars than it is worth on the mar- 
ket. Clearly, without the more than $3 billion of fed- 
eral and state government subsidies each year, U.S. 
ethanol production would be reduced or cease, con- 
firming the basic fact that ethanol production is uneco- 
nomical (National Center for Policy Analysis, 2002). 
Senator McCain reports that including the direct sub- 
sidies for ethanol plus the subsidies for corn grain, 
a liter costs 79$ ($3/gaIlon) (McCain, 2003). If the 
production costs of producing a liter of ethanol were 
added to the tax subsidies, then the total cost for a 
liter of ethanol would be $1.24. Because of the rela- 
tively low energy content of ethanol, 1.6 1 of ethanol 
have the energy equivalent of 1 1 of gasoline. Thus, the 
cost of producing an equivalent amount of ethanol to 
equal a liter of gasoline is $1.88 ($7.12 per gallon of 
gasoline), while the current cost of producing a liter 
of gasoline is 33$ (USBC, 2003). 

Federal and state subsidies for ethanol produc- 
tion that total more than 79$/l are mainly paid to 
large corporations (McCain, 2003). To date, a con- 
servative calculation suggests that corn farmers are 
receiving a maximum of only an added 2$ per bushel 
for their com or less than $2.80 per acre because of 
the com ethanol production system. Some politicians 
have the mistaken belief that ethanol production pro- 
vides large benefits for farmers, but in fact the farmer 
profits are minimal. However, several corporations, 
such as Archer, Daniels, Midland, are making huge 
profits from ethanol production (McCain, 2003). 
The costs to the consumer are greater than the 
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$8.4 billion/yr used to subsidize ethanol and corn pro- 
duction because producing the required corn feed- 
stock increases corn prices. One estimate is that 
ethanol production is adding more than $1 billion to 
the cost of beef production (National Center for Pol- 
icy Analysis, 2002). Because about 70% of the com 
grain is fed to US. livestock (USDA, 2003a, 2003b), 
doubling or tripling ethanol production can be ex- 
pected to increase corn prices further for beef pro- 
duction and ultimately increase costs to the consumer. 
Therefore, in addition to paying the $8.4 billion in 
taxes for ethanol and com subsidies, consumers are 
expected to pay significantly higher meat, milk, and 
egg prices in the market place. 

Currently, about 2.81 billion gallons of ethanol 
(10.6 billion l) are being produced in the United States 
each year (Kansas Ethanol, 2004). The total automo- 
tive gasoline delivered in the US. was 500 billion 1 in 
2003 (USCB, 2004). Therefore, 10.6 billion 1 of ethanol 
(equivalent to 6.9 billion 1 of gasoline) provided only 
2% of the gasoline utilized by U.S. automobiles each 
year. To produce the 10.6 billion 1 of ethanol we use 
about 3.3 million ha of land. Moreover significant 
quantities of energy are needed to sow, fertilize, and 
harvest the corn feedstock. 

The energy and dollar costs of producing ethanol 
can be offset partially by the by-products produced, 
similar to the dry distillers grains (DDG) made from 
dry-milling. From about 10 kg of corn feedstock, 
about 3.3 kg of DDG can be harvested that has 
27% protein (Stanton, 1999). This DDG has value 
for feeding cattle that are ruminants, but has only 
limited value for feeding hogs and chickens. The 
DDG generally is used as a substitute for soybean 
feed that has 49% protein (Stanton, 1999). Soybean 
production for livestock production is more energy 
efficient than corn production because little or no 
nitrogen fertilizer is needed for the production of 
this legume (Pimentel and others, 2002). Only 2.1 kg 
of 49% soybean protein is required to provide the 
equivalent of 3.3 kg of DDG. Thus, the credit fossil 
energy per liter of ethanol produced is about 445 kcal 
(Pimentel and others, 2002). Factoring this credit 
in the production of ethanol reduces the negative 
energy balance for ethanol production from 29% 
to 20% (Table 2). Note that the resulting energy 
output/input comparison remains negative even with 
the credits for the DDG by-product. Also note that 
these energy credits are contrived because no one 
would actually produce livestock feed from ethanol 
at great costs in fossil energy and soil depletion 
(Patzek, 2004). 


When considering the advisability of producing 
ethanol for automobiles, the amount of cropland re- 
quired to grow sufficient corn to fuel each automobile 
should be understood. To make ethanol production 
seem positive, we use Shapouri’s (Shapouri, Duffield, 
and Wang, 2002; Shapouri and others, 2004) sug- 
gestion that all natural gas and electricity inputs be 
ignored and only gasoline and diesel fuel inputs be 
assessed; then, using Shapouri’s input/output data 
results in an output of 775 gallons of ethanol per ha. 
Because of its lower energy content, this ethanol has 
the same energy as 512 gallons of gasoline. An aver- 
age US. automobile travels about 20,000 miles/yr and 
uses about 1,000 gallons of gasoline per yr (USBC, 
2003). To replace only a third of this gasoline with 
ethanol, 0.6 ha of com must be grown. Currently, 0.5 
ha of cropland is required to feed each American. 
Therefore, even using Shapouri's optimistic data, to 
feed one automobile with ethanol, substituting only 
one third of the gasoline used per year, Americans 
would require more cropland than they need to feed 
themselves! 

Until recently, Brazil had been the largest pro- 
ducer of ethanol in the world. Brazil used sugar- 
cane to produce ethanol and sugarcane is a more 
efficient feedstock for ethanol production than corn 
grain (Pimentel and Pimentel, 1996). However, the 
energy balance was negative and the Brazilian gov- 
ernment subsidized the ethanol industry. There the 
government was selling ethanol to the public for 
224 per 1 that was costing them 33<* per 1 to pro- 
duce for sale (Pimentel, 2003). Because of serious 
economic problems in Brazil, the government has 
abandoned directly subsidizing ethanol (Spirits Low, 
1999; Coelho and others, 2002). The ethanol in- 
dustry is still being subsidized but the consumer is 
paying this subsidy directly at the pump (Pimentel, 
2003). 


Environmental Impacts 

Some of the economic and energy contributions 
of the by-products mentioned earlier are negated 
by the environmental pollution costs associated with 
ethanol production. These are estimated to be more 
than 64 per 1 of ethanol produced (Pimentel, 2003). 
U.S. corn production causes more total soil ero- 
sion that any other U.S. crop (Pimentel and others, 
1995; NAS, 2003). In addition, corn production uses 
more herbicides and insecticides than any other crop 
produced in the U.S. thereby causing more water 
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pollution than any other crop (NAS, 2003). Further, 
corn production uses more nitrogen fertilizer than 
any crop produced and therefore is a major contrib- 
utor to groundwater and river water pollution (NAS, 
2003). In some Western US. irrigated corn acreage, 
for instance, in some regions of Arizona, groundwa- 
ter is being pumped 10 times faster than the nat- 
ural recharge of the aquifers (Pimentel and others, 
2004b). 

All these factors suggest that the environmental 
system in which US. corn is being produced is being 
rapidly degraded. Further, it substantiates the conclu- 
sion that the US. corn production system is not envi- 
ronmentally sustainable now or for the future, unless 
major changes are made in the cultivation of this ma- 
jor food/feed crop. Corn is raw material for ethanol 
production, but cannot be considered to provide a re- 
newable energy source. 

Major air and water pollution problems also are 
associated with the production of ethanol in the chem- 
ical plant. The EPA (2002) has issued warnings to 
ethanol plants to reduce their air pollution emissions 
or be shut down. Another pollution problem is the 
large amounts of wastewater that each plant produces. 
As mentioned, for each liter of ethanol produced us- 
ing corn, about 13 1 of wastewater are produced. This 
wastewater has a biological oxygen demand (BOD) 
of 18,000-37,000 mg/1 depending on the type of plant 
(Kuby, Markoja, and Nackford, 1984). The cost of pro- 
cessing this sewage in terms of energy (4 kcal/kg of 
BOD) was included in the cost of producing ethanol 
(Table 2). 

Ethanol contributes to air pollution problems 
when burned in automobiles (Youngquist, 1997; 
Hodge, 2002, 2003). In addition, the fossil fuels 
expended for corn production and later in the 
ethanol plants amount to expenditures of 6,597 
kcal of fossil energy per 1,000 1 of ethanol pro- 
duced (Table 2). The consumption of the fossil 
fuels release significant quantities of pollutants 
to the atmosphere. Furthermore, carbon dioxide 
emissions released from burning these fossil fuels 
contribute to global wanning and are a serious 
concern (Schneider, Rosencranz, and Niles, 2002). 
When all the air pollutants associated with the entire 
ethanol system are measured, ethanol production 
contributes to the serious U.S. air pollution problem 
(Youngquist, 1997; Pimentel, 2003). Overall, if air 
pollution problems were controlled and included in 
the production costs, then ethanol production costs in 
terms of energy and economics would be significantly 
increased. 


Negative or Positive Energy Return? 

Shapouri (Shapouri and others, 2004) of the 
USDA now are reporting a net energy positive return 
of 67%, whereas in this paper, I report a negative 
29% deficit. In their last report, Shapouri, Duffield, 
and Wang (2002) reported a net energy positive re- 
turn of 34%. Why did ethanol production net return 
for the USDA nearly double in 2 yr while corn yields 
in the U.S. declined 6% during the past 2 yr (USDA, 
2002, 2003a)? Shapouri results need to be examined. 

(1) Shapouri (Shapouri and others, 2004) omit 
several inputs, for instance, all the energy re- 
quired to produce and repair farm machinery, 
as well as the fermentation-distillation equip- 
ment. All the com production in the US. is 
carried out with an abundance of farm ma- 
chinery, including tractors, planters, sprayers, 
harvesters, and other equipment. These are 
large energy inputs in corn ethanol produc- 
tion, even when allocated on a life cycle 
basis. 

(2) Shapouri used com data from only 9 states, 
whereas we use corn data from 50 states. 

(3) Shapouri reported a net energy return of 67% 
for the co-products, primarily dried-distillers 
grain (DDG) used to feed cattle. 

(4) Although we did not allocate any energy re- 
lated to the impacts that the production of 
ethanol has on the environment, they are sig- 
nificant in US. corn production. (Please see 
our previous comments on this subject). 

(5) Andrew Ferguson (2004) makes an astute 
observation about the USDA data. The 
proportion of sun’s energy that is converted 
into useful ethanol, using the USDA’s posi- 
tive data, only amounts to 5 parts per 10,000. 
If the figure of 50 million ha were to be de- 
voted to growing com for ethanol, then this 
acreage would supply only about 11 % of U.S. 
liquid fuel needs. 

(6) Many other investigators support our type 
of assessment of ethanol production. (Please 
see our previous comments on this subject). 

Food Versus Fuel Issue 

Using corn, a human food resource, for ethanol 
production, raises major ethical and moral issues. To- 
day, malnourished (calories, protein, vitamins, iron, 
and iodine) people in the world number about 
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3.7 billion (WHO, 2000). This is the largest number 
of malnourished people and proportion ever reported 
in history. The expanding world population that now 
number 6.5 billion complicates the food security prob- 
lem (PRB, 2004). More than a quarter million people 
are added each day to the world population, and each 
of these human beings requires adequate food. 

Malnourished people are highly susceptible to 
various serious diseases; this is reflected in the rapid 
rise in number of seriously infected people in the 
world as reported by the World Health Organization 
(Kim, 2002). 

The current food shortages throughout the world 
call attention to the importance of continuing U.S. ex- 
ports of com and other grains for human food. Cereal 
grains make up 80% of the food of the people world- 
wide. During the past 10 years, U.S. com and other 
grain exports have nearly tripled, increasing U.S. ex- 
port trade by about $3 billion per yr (USBC, 2003). 

Concerning the U.S. balance of payments, the 
U.S. is importing more than 61% of its oil at a cost 
of more than $75 billion per yr (USBC, 2003). Oil 
imports are the largest deficit payments incurred by 
the United States (USBC, 2003). Ethanol produc- 
tion requires large fossil energy input, therefore, it 
is contributing to oil and natural gas imports and U.S. 
deficits (USBC, 2003). 

At present, world agricultural land based on 
calories supplies more than 99.7% of all world food 
(calories), while aquatic ecosystems supply less than 
0.3% (FAO, 2001). Already worldwide, during the last 
decade per capita available cropland decreased 20%, 
irrigation 12%, and fertilizers 17% (Brown, 1997). 
Expanding ethanol production could entail divert- 
ing valuable cropland from producing corn needed 
to feed people to producing com for ethanol facto- 
ries. The practical aspects, as well as the moral and 
ethical issues, should be seriously considered before 
steps are taken to convert more corn into ethanol for 
automobiles. 


SWITCHGRASS PRODUCTION 
OF ETHANOL 

The average energy input per hectare for switch- 
grass production is only about 3.8 million kcal per yr 
(Table 3). With an excellent yield of 10 t/ha/yr, this 
suggests for each kcal invested as fossil energy the 
return is 11 kcal — an excellent return. If pelletized 
for use as a fuel in stoves, the return is reported to 
be about 1:14.6 kcal (Samson, Duxbury, and Mulkins, 


Table 3. Average Inputs and Energy Inputs Per Hectare Per Year 
for Switchgrass Production 


Input 

Quantity 

10 3 kcal 

Dollars 

Labor 

5 hr" 

20* 

$65" 

Machinery 

30 kg* 

555 

50° 

Diesel 

100 L" 

1,000 

50 

Nitrogen 

50 kg" 

800 

28" 

Seeds 

1.6 kg^ 

100° 

3 / 

Herbicides 

3 kg* 

300* 

30" 

Total 

10,000 kg yield' 

2,755 

$230/ 


40 million 

input/ 

1:14.4* 


kcal yield 

output ratio 



"Estimated; * Average person works 2,000 h per yr and uses about 
8,000 1 of oil equivalents. Prorated this works out to be 20,000 
kcal; "The agricultural labor is paid $13 per h; rf The machinery 
estimate also includes 25% more for repairs; "Calculated based 
on data from David Parrish (pers. comm., Virginia Technology 
University, 2005); ^Data from Samson, 1991; * Calculated based 
on data from Henning, 1993; *100,000 kcal per kg of herbicide; 
'Samson and others, 2000; /Brummer and others, 2000 estimated 
a cost of about $400/ha for switchgrass production. Thus, the $268 
total cost is about 49% lower that what Brummer and others (2000) 
estimates and this includes several inputs not included in Brummer 
and others (2000); *Samson and others (2000) estimated an input 
per output return of 1:14.9, but I have added several inputs not 
included in Samson and others (2000). The input/output returns, 
however, are similar. 

2004). The 14.6 is higher than the 11 kcal in Table 3, 
because here a few more inputs were included than 
in Samson, Duxbury, and Mulkins, (2004) report. The 
cost per ton of switchgrass pellets ranges from $94 
to $130 (Samson. Duxbury, and Mulkins, 2004). This 
seems to be an excellent price per ton. 

However, converting switchgrass into ethanol re- 
sults in a negative energy return (Table 4). The nega- 
tive energy return is 50% or slightly higher than the 
negative energy return for corn ethanol production 
(Tables 2 and 4). The cost of producing a liter of 
ethanol using switchgrass was 544 or 94 higher than 
the 454 per I for com ethanol production (Tables 2 and 
4). The two major energy inputs for switchgrass con- 
version into ethanol were steam and electricity pro- 
duction (Table 4). 


WOOD CELLULOSE CONVERSION 
INTO ETHANOL 

The conversion of 2.500 kg of wood harvested 
from a sustainable forest into 1,000 I of ethanol re- 
quire an input of about 9.0 million kcal (Table 5). 
Therefore, the wood cellulose system requires slightly 



112 


Ethanol Production; Biodiesel Production 


Table 4. Inputs Per 1000 l of 99.5% Ethanol Produced From 
US. Switchgrass 


Inputs 

Quantities 

kcal x 1000“ 

Costs 

Switchgrass 

2.500 kg® 

694 c 

$250° 

Transport, 

2300 kg® 

300 

15 

switchgrass 

Water 

125,000 kg' 

70/ 

20"* 

Stainless steel 

3 kg* 

45* 

11* 

Steel 

4 kg* 

46* 

11* 

Cement 

8 kg* 

15* 

11* 

Grind switchgrass 

2500 kg 

too* 

8* 

Sulfuric acid 

118 kg' 

0 

83" 

Steam production 

8.1 tons' 

4,404 

36 

Elcctridty 

660 kWh' 

1,703 

46 

Ethanol conversion 

9 kcal/L' 

9 

40 

to 99.5% 

Sewage effluent 

20 kg (BOD)* 

6? 

6 

Total 


7.455 

$537 


Note. Requires 45% more fossil energy to produce 1 1 of ethanol 
using 25 kg switchgrass than the energy in a liter of ethanol Total 
cost per liter of ethanol is 54*. A total of 0.25 kg of brewers yeast 
(80% water) was produced per 1,000 1 of ethanol produced. This 
brewers yeast has a feed value equivalent in soybean meal of about 
480 kcai. 

"Outputs: 1000 1 of ethanol « 5.15 million kcal; ^Samson (1991) 
reports that 2.5 kg of switchgrass is required to produce 1 I of 
ethanol; 'Data from Table 1 on switchgrass production; ^Estimated 
144 km roundtrip; 'Pimentel and others, 1988; /Estimated water 
needs for the fermentation program; *Slesser and Lewis, 1979; 
"Calculated based on grinder information (Wood T\ib Grinders, 
2004); 'Estimated based on cellulose conversion (Arkenol, 2004); 
'95% ethanol converted to 99.5% ethanol for addition to gasoline 
(T. Patzek, pers. comm.. University of California, Berkeley, 2004); 
*20 kg of BOD per 1,000 1 of ethanol produced (Kuby, Markoja, 
and Nactford, 1984); '4 kWh of energy required to process 1 kg 
(Blais and others, 1995); '"Pimentel, 2003; "Sulfuric acid sells for 
$7 per kg. It is estimated that the dilute acid is recycled 10 times; 
"Samson, Duxbury, and Mulkins, 2004. 

more energy to produce the 1,000 1 of ethanol than 
using switchgrass (Tables 4 and 5). About 57% more 
energy is required to produce a liter of ethanol using 
wood than the energy harvested as ethanol. 

The ethnaol cost per liter for wood-produced 
ethanol is slightly higher than the ethanol produced 
using switchgrass, 58$ versus 54$, respectively (Tables 
4 and 5). The two largest fossil energy inputs in the 
wood cellulose production system were steam and 
electricity (Table 5). 

SOYBEAN CONVERSION INTO BIODIESEL 

Various vegetable oils have been converted into 
biodiesel and they work well in diesel engines. An 
assessment of producing sunflower oil proved to 


Table 5, Inputs Per 1000 1 of 99.5 % Ethanol Produced From U.S. 
wood cellulose 


inputs 

Quantities 

kcal x 1000" 

Costs 

Wood, harvest (fuel) 

2.500 kg* 

400' 

S 250" 

Machinery 

5 kg” 

100" 

10" 

Replace nitrogen 

50 kg' 

800 

28° 

Transport, wood 

2,500 kg' 

300 

15 

Water 

125.000 kg' 

70/ 

20° 

Stainless steel 

3 kg* 

45* 

11* 

Steel 

4 kg* 

46* 

11* 

Cement 

8 kg* 

15* 

11* 

Grind wood 

2,500 kg 

100* 

8* 

Sulfuric acid 

118 kg® 

0 

83" 

Steam production 

8.1 tons'* 

4,404 

36 

Electricity 

666 kWh" 

1,703 

46 

Ethanol conversion 

9 kcal/L' 

9 

40 

to 99.5% 

Sewage effluent 

20 kg (BOD)/ 

69* 

6 

Total 


8,061 

$575 


Note. Requires 57% more fossil energy to produce 1 1 of ethanol 
using 2 kg wood than the energy in a liter of ethanol. Total cost 
per liter of ethanol is 58* A total of 0.2 kg of brewers yeast (80% 
water) was produced per 1.000 1 of ethanol produced. This brewers 
yeast has a feed value equivalent in soybean meal of 467 kcal. 
•Outputs: 1000 I of ethanol = 5.13 million kcal; "Arkcnol (2004) 
reported that 2 kg of wood produced 1 I of ethanol. We ques- 
tion this 2 kg to produce 1 i of ethanol when it takes 2.69 kg of 
corn grain to produce 1 I of ethanol. Others are reporting 13.2 kg 
of wood per kg per I of ethanol (DOE. 2004). We used the opti- 
mistic figure of 2.5 kg of wood per 1 of ethanol produced; c 50 kg of 
nitrogen removed with the 2,500 kg of wood (Kidd and Pimentel, 
1992); ‘'Estimated 144 km roundtrip; 'Pimentel and others, 1988; 
/Estimated water needs for the fermentation program; *Slesser 
and Lewis, 1979; Calculated based on grinder information (Wood 
T\ib Grinders, 2004); '95% ethanol converted to 99.5% ethanol 
for addition to gasoline (T. Patzek, pers. comm., University of 
California, Berkeley, 2004); ; 20 kg of BOD per 1,000 1 of ethanol 
produced (Kuby. Markoja, and Nackford, 1984); *4 kWh of en- 
ergy required to process 1 kg (Blais and others, 1995); 'Illinois 
Com, 2004; '"Mead and Pimentel, 2004; "Samson, Duxbury, and 
Mulkins, 2004; "Pimentel, 2003; '’Sulfuric acid sells for $7 per kg. 
It is estimated that the dilute add is recycled 10 times. 

be energy negative and costly in terms of dollars 
(Pimentel, 2001). Although soybeans contain less oil 
than sunflower, about 18% soy oil compared with 
26% oil for sunflower, soybeans can be produced 
without or nearly zero nitrogen (Table 6). This 
makes soybeans advantageous for the production 
of biodiesel. Nitrogen fertilizer is one of the most 
energy costly inputs in crop production (Pimentel 
and others, 2002). 

The yield of sunflower also is lower than 
soybeans, 1 ,500 kg/ha for sunflower compared with 
2,668 kg/ha for soybeans (USDA, 2003a). The pro- 
duction of 2,668 kg/ha of soy requires an input of 
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Table 6. Energy Inputs and Costs in Soybean Production Per 
Hectare in the U.5. 


Inputs 

Quantity 

kcal x 1000 

Costs S 

Labor 

7.1 h° 

284 6 

92.30c 

Machinery 

20 kg'* 

360' 

148.00* 

Diesel 

38.8 L° 

442' 

20.18 

Gasoline 

35.7 L- 

270* 

1336 

LP gas 

33 L° 

2S' 

1.20 

Nitrogen 

3.7 kg' 

59* 

2.29* 

Phosphorus 

37.8 kg' 

156" 

23.44" 

Potassium 

14.8 kg' 

48* 

4.59 p 

Lime 

4800 kg v 

1.349* 

1 10,38 v 

Seeds 

69.3 kg' 

554’ 

48.58' 

Herbicides 

1.3 kg' 

130' 

26.00 

Electricity 

10 kWh* 

29* 

0.70 

Transport 

154 kg 1 

40“ 

46.20 

Total 


3,746 

$537.22 

Soybean yield 2,668 kg/ha* 1 

9,605 

kcal input: 
output 13.56 


- Ali and McBride, 1990; fc It is assumed that a person works 2,000 h 
per yr and utilizes an average of 8,000 I of oil equivalents per yr; 
'It is assumed that labor is paid SI 3 an h; d Pimentel and Pimentel, 
1996; 'Machinery is prorated per hectare and a 10 yr life of the 
machinery. TVactors weigh from 6 to 7 tons and harvestors from 8 
to 10 tons, plus plows, sprayers, and other equipment; f College of 
Agri., Consumer and Environ. Sciences, 1997. 'Input 11,400 kcal 
per 1; *Input 10,125 kcal per 1; 'input 7,575 kcal per I; ^ Economic 
Research Statistics, 1997;*Patzek,2004; , Hinman and others, 1992; 
"Input 4,154 kcal per kg; "Cost 624 per kg; "Input 3,260 kcal per kg; 
p Costs 3l4per kg; ’Pimentel and others, 2002;'Costs about 70f p«r 
kg; 'Input 860 kcal per kWh and requires 3 kWh thermal energy to 
produce 1 kWh electricity, 'Goods transported include machinery, 
fuels, and seeds that were shipped an estimated 1,000 km; “Input 
0.83 kcal per kg per km transported; v Kassel and Tidman, 1999; 
Mansfield, 2004; Randall and Vetsch, 2004; "USDA, 2003a, 2003b. 

about 3.7 million kcal per ha and costs about $537/ha 
(Table 6). 

With a yield of oil of 18% then 5,556 kg of 
soybeans are required to produce 1,000 kg of oil 
(Table 7). The production of the soy feedstock re- 
quires an input of 7.8 million kcal. The second largest 
input is steam that requires an input of 1.4 million 
kcal (Thble 7). The total input for the 1,000 kg of soy 
oil is 11.4 million kcal. With soy oil having an energy 
value of 9 million kcal, then there is a net loss of 
32% in energy. However, a credit should be taken for 
the soy meal that is produced and this has an energy 
value of 2.2 million kcal. Adding this credit to soy- 
bean oil credit, then the net loss in terms of energy 
is 8% (Table 7). The price per kg of soy biodiesel is 
$1.21, however, taking credit for the soy meal would 
reduce this price to 92<f per kg of soy oil (Note, soy 
oil has a specific gravity of about 0.92, thus soy oil 
value per liter is 84tf per 1. This makes soy oil about 


Table 7. Inputs Per 1,000 kg of Biodiesel Oil From Soybeans 


Inputs 

Quantity 

kcal x 1000 

Costs $ 

Soybeans 

5,556 kg- 

7.800° 

$1,117.42" 

Electricity 

270 kWh 6 

697' 

18.90* 

Steam 

1,350,000 kcal 6 

1J50 6 

11.06' 

Cleanup water 

160,000 kcal 6 

160 6 

1.31' 

Space heat 

152,000 kcal 6 

152 6 

1.24' 

Direct heat 

440,000 kcal 6 

440 6 

3.61' 

Losses 

300,000 kcal 6 

30O 6 

2.46' 

Stainless steel 

11kg* 

158* 

18.72' 

Steel 

21 kg* 

246* 

18.72' 

Cement 

56 kg^ 

106 * 

18.72* 

Total 


11,878 

$1,212.16 


Note. The 1,000 kg of biodiesel produced has an energy value of 
9 million kcal. With an energy input requirement of 11.9 million 
kcal, there is a net loss of energy of 32%. If a credit of 22 million 
kcal is given for the soy meal produced, then the net loss is 8%. 
The cost per kg of biodiesel is $1.21. 

“Data from Table 6; '’Data from Singh, 1986; 'An estimated 
3 kWh thermal is needed to produce a kWh of electricity; d Cost 
per kWh is If, 'Calculated cost of producing heat energy using 
coal; ^Calculated inputs using data from Slesser and Lewis, 1979; 
'Calculated costs from Pimentel, 2003. 

2.8 times as expensive as diesel fuel). This makes soy 
oil expensive compared with the price of diesel that 
costs about 300 per 1 to produce (USBC, 2003). 

Sheehan and others (1998, p. 13) of the Depart- 
ment of Energy also report a negative energy return 
in the conversion of soybeans into biodiesel. They re- 
port “1 MJ of biodiesel requires an input of 1.24 MJ 
of primary energy.” 

Soybeans are a valuable crop in the United 
States. The target price reported by the USDA 
(2003a) is 21.20/kg while the price calculated in 
Table 6 for average inputs per hectare is 20.1<Z/kg. 
These values are close. 

SUNFLOWER CONVERSION 
INTO BIODIESEL 

In a preliminary study of converting sunflower 
into biodiesel fuel, as mentioned, the result in terms 
of energy output was negative (Pimentel, 2001). In 
the current assessment, producing sunflower seeds 
for biodiesel yields 1,500 kg/ha (USDA, 2003a) or 
slightly higher than the 2001 yield. The 1,500 kg/ha 
yield is still significantly lower than soybean and corn 
production per ha. 

The production of 1,500 kg/ha of sunflower seeds 
requires a fossil energy input of 6.1 million kcal 
(Table 8). Thus, the kcal input per kcal output is neg- 
ative with a ratio of 1:0.76 (Table 8). Sunflower seeds 
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Table 8. Energy Inputs and Costs in Sunflower Production Per Ha 
in the U.S. 


Inputs 

Quantity 

kcal x 1000 

Costs $ 

Labor 

8.6 h“ 

344* 

111.80 c 

Machinery 

20 kg* 

360' 

148.00/ 

Diesel 

180 L 8 

1,800? 

93.62* 

Nitrogen 

110 kg'" 

1,760* 

68.08' 

Phosphorus 

71 kg' 

293" 

44.03" 

Potassium 

100 kg' 

324° 

34.11* 

Lime 

1000 kg' 

281'' 

23.00 v 

Seeds 

70 kg* 

560* 

49.07' 

Herbicides 

3 kg' 

300* 

60.00' 

Electricity 

10 kWh' 

29* 

0.70 

Transport 

270 kg' 

68“ 

81.00 

Total 


6.119 

$601.61 

Sunflower yield 1,500 kg/ha* 

4,6S0 

kcal input: 
output 1:0.76 


‘’Knowles and Bukantis, 1980; b lx is assumed that a person works 

2.000 h per year and utilizes an average of 8,000 1 of oil equivalents 
per yr; 'It is assumed that labor is paid SI 3 an h; ‘‘Pimentel and 
Pimentel, 1996; 'Machinery is prorated per ha and a 10 yr life of 
the machinery. TVactors weigh from 6 to 7 tons and harvestors from 

8 to 10 tons, plus plows, sprayers, and other equipment; f College of 
Agriculture, Consumer and Environ. Sciences, 1997;*Input 10,000 
kcal per I; *52f per 1; ' $20 per kg; I Blarney, Zollinger, and Schneiter, 
1997; *Patzek, 2004; 'Hinman and others, 1992; "Input 4,154 kcal 
per kg; " Cost 62<per kg; "Input 3,260 kcal per kg ; p Costs 31*per kg; 
‘'Based on 7,900 kcal per kg of sunflower seed production; 'Costs 
about 70 1 per kg; 'Input 860 kcal per kWh and requires 3 kWh 
thermal energy to produce 1 kWh electricity; 'Goods transported 
include machinery, fuels, and seeds that were shipped an estimated 

1 .000 km; “Input 0.83 kcal per kg per km transported; v 100,000 kcal 
of energy required per kg of herbicide; W USDA, 2003a, 2003b, 

have higher oil content than soybeans, 26% versus 
18%. However, the yield of sunflower is nearly one 
half that of soybean. 

Thus, to produce 1,000 kg of sunflower oil 
requires 3,920 kg of sunflower seeds with an energy 
input of 156.0 million kcal (Table 9). This is the largest 
energy input listed in Table 9. Therefore, to produce 
1,000 kg of sunflower oil with an energy content of 

9 million kcal, the fossil energy input is 118% higher 
than the energy content of the sunflower biodiesel 
and the calculated cost is $1.66 per kg of sunflower 
oil (Table 9) (Note, the specific gravity of sunflower 
oil is 0.92, thus the cost of a liter of sunflower oil is 
$1.53 per 1). 


CONCLUSION 

Several physical and chemical factors limit the 
production of liquid fuels such as ethanol and 


Table 9. Inputs Per 1,000 kg of Biodiesel Oil From Sunflower 


Inputs 

Quantity 

kcal x 1000 

Costs $ 

Sunflower 

3,920 kg" 

15,990" 

$1,570.20° 

Electricity 

270 kWh* 

697 c 

18,904 

Steam 

1350,000 kcal* 

1350* 

11.06' 

Cleanup water 

160,000 kcal* 

160* 

1.31' 

Space heat 

152,000 kcal* 

152* 

1.24' 

Direct heat 

440,000 kcal* 

440* 

3.61' 

Losses 

300,000 kcal* 

300* 

2.46' 

Stainless steel 

11kg/ 

158/ 

18.72* 

Steel 

21 kg/ 

246/ 

18.72* 

Cement 

56 kg/ 

106/ 

18.72* 

Total 


19,599 

$1,662.48 


Note. The 1.000 kg of biodiesel produced has an energy value of 
9 million kcal. With an energy input requirement of 19.6 million 
kcal, there is a net loss of energy of 1 18%. If a credit of 2.2 million 
kcal is given for the soy meal produced, then the net loss is 96%. 
The cost per kg of biodiesel is $1.66. 

“Data from Table 8; ‘’Data from Singh, 1986; c An estimated 
3 kWh thermal is needed to produce a kWh of electricity; d Cost 
per kWh is It 'Calculated cost of producing heat energy using 
coal; ? Calculated inputs using data from Slesser and Lewis, 1979; 
^Calculated costs from Pimentel, 2003. 


biodiesel using plant biomass materials. These include 
the following: 

(1) An extremely low fraction of the sunlight 
reaching America is captured by plants. On 
average the sunlight captured by plants is 
only about 01.%, with corn providing 0.25%. 
These low values are in contrast to photo* 
voltaics that capture from 10% or more sun- 
light, or approximately 100-fold more sun- 
light than plant biomass. 

(2) In ethanol production the carbohydrates 
are converted into ethanol by microbes, 
that on average bring the concentration of 
ethanol to 8% in the broth with 92% water. 
Large amounts of fossil energy are required 
to remove the 8% ethanol from the 92% 
water. 

(3) For biodiesel production, there are two prob- 
lems: the relatively low yields of oil crops 
ranging from 1,500 kg/ha for sunflower to 
about 2,700 kg/ha for soybeans; sunflower 
averages 25.5% oil, whereas soybeans av- 
erage 18% oil. In addition, the oil extrac- 
tion processes for all oil crops is highly en- 
ergy intensive as reported in this manuscript. 
Therefore, these crops are poor producers of 
biomass energy. 
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WTW 

well-to-wheels 

ZEV 

zero emission vehicle 


Units of Measure 

Btu 

British thermal unit(s) 

ft 

foot (feet) 

ft3 

cubic foot (feet) 

g 

gram(s) 

GWh 

gigawatt hour(s) 
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gallon(s) 

kWh 

kilowatt hour(s) 

lb 

pound(s) 

mi 

mile(s) 

mmBtu 

million British thermal unit(s) 

mpg 

mile(s) per gallon 

mph 

mile(s) per hour 

MW 

megawatt(s) 

psi 

pound(s) per square inch 

s 

second(s) 

SCF 

standard cubic foot (feet) 

yr 

year(s) 
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EXECUTIVE SUMMARY 


ES.1 Background 

An accurate assessment of future fuel/propulsion system options requires a complete vehicle fuel-cycle 
analysis, commonly called a well-to-wheels (WTW) analysis. In this WTW study, we analyzed energy 
use and emissions associated with fuel production (or well-to-tank [WTT]) activities and energy use and 
emissions associated with vehicle operation (or tank-to-wheels [TTW]) activities. Energy resources, such 
as petroleum, natural gas (NG), coal, and biomass, as well as the energy carrier, electricity, are considered 
as feedstocks to produce various transportation fuels, including gasoline, diesel fuel, hydrogen (H 2 ), 
ethanol (EtOH), compressed natural gas (CNG), methanol (MeOH), and Fischer-Tropsch (FT) diesel. The 
propulsion systems evaluated were spark-ignition (SI) engines, compression-ignition (Cl) engines, 
hydrogen fuel cells, and fuel processor fuel cells, all in non-hybrid and hybrid electric configurations. 

This study updates and supplements a previous (2001) North American study, conducted by GM and 
others (General Motors [GM] et al. 2001), of energy consumption and greenhouse gas (GHG) emissions 
associated with advanced vehicle/fuel systems (GM Phase 1 North American study). The primary purpose 
of this Phase 2 study is to address criteria pollutant emissions, including volatile organic compounds 
(VOCs), carbon monoxide (CO), nitrogen oxides (NO x ), particulate matter with a diameter smaller than 
10 microns (PM 10 ). and sulfur oxide emissions (SO x ). We also updated the vehicle modeling for energy 
consumption with the latest powertrain maps and added some additional propulsion systems, such as 
hydrogen internal combustion engines (ICEs). 

As in the previous study, the vehicle modeled was a 2010-model-year, full-sized GM pickup truck. The 
truck was selected because it is a high seller among light-duty vehicles (cars and trucks) in the U.S. 
market, and light-duty trucks account for a large proportion of the fuel used in the U.S. vehicle fleet. In 
our study, we attempted to estimate the energy use and emissions for the 2010-model-year truck fleet over 
its lifetime. To simplify this effort, we modeled the year 2016 — when the lifetime mileage midpoint for 
the truck will be reached. 

ES.2 Methodology 

Well-to-wheels calculations were based on a fuel-cycle model developed by Argonne National 
Laboratory (ANL) — the Greenhouse gases, Regulated Emissions, and Energy use in Transportation 
(GREET) model. Probability-based distribution functions were developed to describe energy use and 
emissions for individual operations in fuel production and transportation processes, as well as vehicle 
operations. With the developed distribution functions and a commercial software (Crystal Ball™), 
GREET employs the Monte Carlo simulation method to address uncertainties in the input parameters and 
deliver results in the form of a statistical distribution. 

Well-to-tank fuel economy and GHG emissions estimates were based on the same assumptions used in 
the 2001 study (GM et al. 2001), so the WTT emphasis in this study was on developing input assumptions 
for the criteria pollutants. The starting point for this effort was the U.S. Environmental Protection 
Agency’s (EPA’s) National Emissions Inventory (NEI) database. Representative data for each major 
WTT process were extracted from the inventory and combined with process throughput data to provide 
emissions factors. Then, on the basis of the inventory data and an assessment of future stationary source 
emissions controls, we developed distributions to represent expected emissions in 2016. 
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For the vehicle modeling effort, we characterized the emissions associated with each propulsion system in 
terms of meeting an emission standard target — an assumed emission certification level for 2010. On the 
basis of the certification level, we modeled vehicle in-use criteria pollutants by using both EPA’s 
MOBILE and California’s EMFAC models. Results for the two models were significantly different, so 
we established distributions based on the assumption that 80% of the vehicles would have emissions 
between the EMFAC and MOBILE estimates. 

The vehicle fuel economy analysis used a GM proprietary modeling tool to estimate fuel consumption on 
the U.S. urban and highway driving cycles. The fuel economies generated for the two cycles were then 
combined together as a 55/45 combined cycle to derive the composite fuel economy for use in WTW 
simulations in GREET. Input to the model included maps of powertrain efficiency as a function of speed, 
load, and vehicle mass for each propulsion system. Powertrains and components for each propulsion 
system were sized to provide equivalent vehicle performance. 

ES.3 Results 

The GREET WTW simulations completed for this study show that, in general, fuel production and 
vehicle operation are two key WTW stages in determining WTW energy use and emissions results. The 
fuel production stage usually has the largest energy-efficiency losses of all WTT stages. This is true for 
production of gasoline, diesel, hydrogen, FT diesel, ethanol, methanol, and electricity. 

For the vehicle operation stage, die most significant factor in determining WTW results is the fuel 
consumption of the vehicle technologies. Fuel efficiency (or fuel energy consumption per distance driven) 
directly determines GHG emissions per mile during operation of vehicles fueled with carbon-containing 
fuels. Furthermore, fuel consumption directly affects the allocation of WTT emissions (in grams per 
million Btu [g/mmBtu]) to WTW emissions (in grams per mile [g/mi]). Thus, simulations to determine 
the fuel consumption values for vehicle technologies are key activities for WTW analyses. 

The best estimate of composite fuel economy for the baseline SI vehicle with displacement on demand 
(DOD) technology was 21.3 mpg, or 4.7 gal/ 1 00 mi. Figure ES-1 shows the reduction in fuel 
consumption, based on gasoline-gallon-equivalent energy, for several advanced propulsion systems. 
Without hybridization, the diesel direct-injection, compression-ignition (Diesel D1 Cl) engine with 
conventional drive and the hydrogen internal combustion engine (H 2 DOD SI) each reduced fuel 
consumption by 17%. The E85 (85% denatured ethanol with 15% gasoline by volume) flexible-fueled 
vehicle (E85 DOD SI) had fuel consumption equal to that of gasoline, and the non-hybrid hydrogen fuel 
cell vehicle (Hz FCV) reduced gasoline-equivalent fuel consumption by 58%. Hybridization of the 
gasoline or E85 propulsion systems reduced fuel consumption by 20%. The fuel consumption benefits of 
hybridization were somewhat smaller for the more-efficient diesel and hydrogen engines (14% and 16%, 
respectively). The lowest fuel consumption benefit of hybridization (4%) was seen with the hydrogen fuel 
cell vehicle. 

These fuel consumption reductions contribute directly to reductions in WTW energy use and emissions by 
these advanced vehicle technologies. In the cases in which hydrogen is used to power vehicles, the large 
reductions in fuel consumption by fuel cell technologies far offset energy-efficiency losses during 
hydrogen production (except for electrolysis hydrogen production, for which fuel consumption reductions 
are not enough to offset the large energy losses of electricity generation and hydrogen production 
together). 
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Vehicle fuel consumption has a smaller impact on WTW emissions of criteria pollutants (except for SO x 
emissions) for ICE-based technologies. This is because vehicular criteria pollutant emissions are 
regulated on a per-mile basis, and after-combustion emission control technologies are designed to reduce 
per-mile emissions, resulting in a disconnection between the amount of fuel consumed and the amount of 
per-mile criteria pollutant emissions generated. For vehicle technologies that do not generate tailpipe 
emissions (such as direct-hydrogen FCVs and battery-powered electric vehicles [EVs]), fuel economy 
directly affects WTW criteria pollutant emissions. 



Figure ES-1 Change in Tank-to-Wheets Gasoline-Equivalent Fuel Consumption for 
Selected Propulsion Systems Relative to Gasoline Spark-Ignition Conventional Drive 


By using GREET, our research team calculated WTW energy use and emissions for 124 pathways. 
Figure ES-2 compares WTW energy use and emissions for eight key pathways with those for the gasoline 
SI baseline. The chart shows total energy use, petroleum energy use, total GHG emissions, and total 
emissions of three criteria pollutants (NO*, VOC, and PMio). The first two sets of bars represent 
advanced petroleum-based vehicles: reformulated gasoline hybrid (RFG DOD SI HEV) and low-sulfur- 
diesel conventional drive (LS Diesel DI Cl CD). The next three sets of bars show results for three 
vehicles fueled by hydrogen manufactured in central plants from North American natural gas: the gaseous 
hydrogen internal combustion engine (NA NG Central GH 2 ICE), gaseous hydrogen fuel cell (NA NG 
Central GH 2 FCV), and liquid hydrogen fuel cell (NA NG Central LH 2 FCV). The next set of bars (Cell. 
E85 DOD SI CD) shows the effects of using cellulosic (cellulose-derived) ethanol to make E85 for use in 
a spark-ignition, conventional drive vehicle. Finally, the last two sets of bars (Electro. GH 2 FCV: U.S. 
kWh and Electro. GH 2 FCV: Renew. kWh) are fuel cell vehicles with electrolysis-derived gaseous 
hydrogen from U.S. average electricity and from renewable electricity sources. 

As shown in Figure ES-2, the advanced petroleum-based ICE vehicles provided moderate reductions in 
all of the displayed WTW parameters. In general, the effects for gasoline hybrid and diesel were similar, 
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about a 10-20% reduction compared with the baseline gasoline SI vehicle. An exception was diesel 
engine VOC emissions, which were low because of diesel’s low volatility. 

The hydrogen ICE vehicle modeling results revealed large reductions in petroleum use and VOC 
emissions compared with the baseline gasoline engine. However, we found increases in total energy use, 
NO* emissions, and PMio emissions. Although the hydrogen internal combustion engine was more 
efficient than the gasoline engine, WTW energy use was high because of the relatively low efficiency of 
making and transporting hydrogen, compared with that for gasoline. The relatively low efficiency of 
producing and transporting hydrogen and the operation of steam methane reformers were responsible for 
part of the increase in NO x emissions for the hydrogen internal combustion engine. The NO x emissions 
associated with generating the electricity (U.S. mix) required to compress hydrogen was also significant, 
accounting for about 20% of the WTW NO x emissions. Electricity generation accounted for almost 50% 
of the WTW PMjo emissions for the hydrogen engine. 

The FCV, shown in the fourth set of bars in Figure ES-2, achieved reductions in all energy and emissions 
categories except PM|o- Total energy use, GHG emissions, and NO x emissions were all about 50% below 
the corresponding gasoline values. The PMjo emissions increase resulted primarily from the emissions 
associated with generating electricity for hydrogen compression. Comparing the third and fourth sets of 
bars in Figure ES-2 shows the impact of a fuel-cell-based versus a combustion-engine-based propulsion 
system operating on the same source of fuel. The FCV’s results were more favorable than those of the 
combustion engine for all parameters because of two benefits. The most obvious is on the vehicle (TTW) 
side: fuel cells provide low fuel consumption and generate zero vehicle emissions. However, the low fuel 
consumption also benefits the WTT energy use and emissions. Reduced fuel consumption per mile results 
in reduced per-mile energy losses and emissions associated with fuel production and distribution. 
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Figure ES-2 Summary of Well-to-Wheels Energy Use and Emissions for Selected Pathways 
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The liquid hydrogen fuel cell pathway (fifth set of bars in Figure ES-2) showed reductions in all 
parameters relative to gasoline. However, for all except PMio, the relative benefits of liquid hydrogen are 
smaller than those of gaseous hydrogen. Benefits are reduced because energy losses for liquefying 
hydrogen are greater than those for compressing hydrogen. PMio emissions are lower for the liquid 
hydrogen because the assumed electricity source is different. Because we assumed that hydrogen 
compression would take place at the refueling station, the U.S. electricity mix was used. Because liquid 
hydrogen is easier to transport, we assumed that the hydrogen would be liquefied at a central hydrogen 
production plant using electricity made at the plant site from NG. So the lower PMio emissions for liquid 
hydrogen result from the use of NG as the fuel source instead of coal, which is a primary source for the 
U.S. electricity mix that is used for gaseous hydrogen compression. 

The final three sets of bars show results for cellulosic ethanol and electricity-based pathways. Both corn- 
based and cellulosic ethanol were analyzed in this study, but we selected cellulosic E85 for this summary 
chart to show the potential of renewable fuels. The combustion engine operating on E85 provided about a 
70% reduction in petroleum use and GHG emissions compared with gasoline. However, total energy use 
and NO x , VOC, and PMio emissions were higher than those for gasoline. These increases all resulted 
from fuel production (farming operations and ethanol manufacture). Total energy losses and emissions 
associated with ethanol manufacture are higher than those associated with gasoline refining. 

As shown in the last two sets of bars in Figure ES-2, the impacts of FCVs operating on electrolysis- 
produced hydrogen depend heavily on the source of electricity. Producing hydrogen by means of the 
U.S. electricity mix is not an attractive option from a WTW perspective. Petroleum use and total VOC 
emissions decrease substantially compared with gasoline, but GHG, NO x , and PMio emissions are the 
highest of any of the pathways because of the relatively low efficiency and high emissions associated with 
the coal-based power plants that dominate electricity generation in the United States. 

The most favorable WTW results were found for the fuel cell operating on hydrogen produced from 
renewable energy (last set of bars in Figure ES-2). This pathway resulted in zero petroleum use and zero 
GHG, NO x , and VOC emissions. Combustion-based PMio emissions were also zero. The remaining 
vehicle PMio emissions resulted from tire and brake wear. 

The criteria emissions results illustrated in Figure ES-2 do not take into account the location of the 
emissions source. GREET can be used to estimate emissions occurring in urban areas. For all pathways, 
per-mile urban emissions are substantially lower than total emissions. Changes in urban criteria pollutant 
emissions for the same WTW pathways are shown in Figure ES-3. Considering urban emissions only, 
reductions make the non-petroleum pathways more attractive. The only increases seen relative to the 
baseline gasoline system are NO x and PMjo emissions for the hydrogen internal combustion engine and 
the FCV fueled by hydrogen produced from the U.S. electricity mix. 

Because this report addresses energy use and emissions associated with a variety of fuel/propulsion 
system options, it provides a good starting point in deciding which are the best options for the future. 
However, our study does not address resource availability, economics, and infrastructure issues — all of 
which must be considered in selecting the best mix of future propulsion system and fuel options. 

Our WTW results show that some advanced vehicle technologies offer great potential for reducing 
petroleum use, GHG emissions, and criteria pollutant emissions. Modest reductions in petroleum use are 
attributable to vehicle fuel consumption reductions by advanced vehicle technologies. On the other hand, 
the switch from petroleum to non-petroleum energy feedstocks, in the case of hydrogen, electricity, CNG, 
FT diesel, methanol, and ethanol, essentially eliminates the use of petroleum. 
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Figure ES-3 Summary of WTW Emissions in Urban Areas for Selected Pathways 

The WTW GHG emissions associated with advanced vehicle technologies are determined by the WTT 
energy efficiencies of the fuel pathways, the vehicle fuel consumption, the carbon content of energy 
feedstocks used for fuel production, and the renewable nature of those feedstocks. The use of renewable 
feedstocks (such as renewable electricity and cellulosic ethanol) helps eliminate (or almost eliminate) 
GHG emissions. Even vehicle technologies with high fuel consumption can still eliminate GHG 
emissions, because the fuel and its feedstock do not have carbon burdens. For example, the use of 
renewable hydrogen in hydrogen ICE and fuel cell technologies achieves 100% reductions in GHG 
emissions. On the other hand, use of cellulosic E85 in ICE technologies achieves reductions of about 70% 
(the benefits are reduced because E85 contains 26% gasoline by energy content). 

The GHG reduction results for advanced vehicles powered by carbon-containing fuels or fuels derived 
from carbon-containing feedstocks depend on WTT efficiencies and vehicle fuel consumption. For 
example, FCVs powered by NG-derived hydrogen achieve GHG reductions of about 50% because of the 
low fuel consumption of direct-hydrogen FCVs. If NG-derived hydrogen is used in hydrogen ICE 
technologies that are less efficient than hydrogen fuel cell technologies, there may be no GHG reduction 
benefits. In hydrogen plants, all of the carbon in NG ends up as CO 2 . If CO 2 is captured and stored, this 
hydrogen production pathway essentially becomes a zero-carbon pathway. Any vehicle technologies 
using hydrogen produced this way will eliminate GHG emissions. In our analysis, we did not assume 
carbon capture and storage for central hydrogen plants fueled with NG. 

Some of the vehicle technologies and fuels evaluated in this study offer moderate reductions in GHG 
emissions: com-bascd E85 in flexible-fuel vehicles, HEVs powered by hydrocarbon fuels, and diesel- 
fueled vehicles. In general, these vehicle/fuel systems achieve 20-30% reductions in GHG emissions. The 
reduction achieved by using com-based E85 is only moderate because (1) significant amounts of GHG 
emissions are generated during com farming and in com ethanol production plants; (2) diesel fuel, 
liquefied petroleum gas, and other fossil fuels are consumed during com fanning; (3) a large amount of 
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nitrogen fertilizer is used for com farming, and production of nitrogen fertilizer and its nitrification and 
denitrification in cornfields produce a large amount of GHG emissions; and (4) usually, NG or coal is 
used in com ethanol plants to generate steam. If a renewable energy source, such as com stover or 
cellulosie biomass, is used in com ethanol production plants, use of com-based E85 could result in larger 
GHG emission reductions. 

Hybrids fueled with CNG achieve larger GHG reductions than their fuel consumption reductions, because 
NG is 21% less carbon-intensive (defined as carbon content per energy unit of fuel) than gasoline (our 
baseline fuel). On the other hand, diesel ICEs and hybrids achieve smaller GHG reductions than their fuel 
consumption reductions, because diesel fuel contains 7% more carbon per unit energy than gasoline. 

GHG results for hydrogen generated by means of electrolysis may be the most dramatic WTW results in 
this study. Two major efficiency losses occur during electricity generation and hydrogen production via 
electrolysis. Consequently, this pathway is subject to the largest WTT energy-efficiency losses. Using 
hydrogen (itself a non-carbon fuel) produced this way could result in dramatic increases in WTW GHG 
emissions. For example, if hydrogen is produced with U.S. average electricity (more than 50% of which is 
generated by coal-fired power plants), its use, even in efficient FCVs, can still result in increased GHG 
emissions; its use in less-efficient hydrogen ICEs results in far greater increases in GHG emissions. On 
the other hand, if a clean electricity generation mix, such as the California generation mix, is used, the use 
of electrolysis hydrogen in FCVs could result in moderate reductions in GHG emissions. Furthermore, if 
renewable electricity, such as wind power, is used for hydrogen production, the use of hydrogen in any 
vehicle technology will result in elimination of GHG emissions. This case demonstrates the importance of 
careful examination of potential hydrogen production pathways so that the intended GHG emission 
reduction benefits by hydrogen-powered vehicle technologies can truly be achieved. 

Ours is the first comprehensive study to address WTW emissions of criteria pollutants. The results reveal 
that advanced vehicle technologies help reduce WTW criteria pollutant emissions. We assumed in our 
study that ICE vehicle technologies will, at minimum, meet EPA's Tier 2 Bin 5 emission standards. 
Improvements in fuel consumption by advanced vehicle technologies will help reduce per-mile WTT 
criteria pollutant emissions. For example, gasoline or diesel HEVs with low fuel consumption will reduce 
WTW criteria pollutant emissions by 10-20%, exclusively because of reduced WTT emissions. 

Probably the most revealing results are the differences in WTW criteria pollutant emissions between ICE 
and fuel cell technologies. Although tailpipe criteria pollutant emissions generated by ICE technologies 
will be reduced significantly in the future, they will continue to be subject to on-road emissions 
deterioration (although to a much smaller extent than past ICE technologies, thanks to onboard diagnostic 
systems). On the other hand, FCVs, especially direct-hydrogen FCVs, generate no tailpipe emissions. 
Except for electrolysis hydrogen generated with U.S. average electricity, hydrogen FCVs reduce WTW 
emissions of criteria pollutants. For example, NG-derived hydrogen FCVs reduce WTW NO x emissions 
by about 50%. FCVs also reduce the uncertainty range of criteria pollutant emissions, because they do not 
experience on-road deterioration of criteria pollutant emissions during the lifetime of motor vehicles. 

Vehicle technologies fueled with hydrogen generated via electrolysis usually result in increased criteria 
pollutant emissions. Power plant emissions, together with the low efficiency of electrolysis hydrogen 
production, cause the increases. In order to mitigate these increases, power plant emissions will have to be 
reduced drastically or clean power sources will have to be used for hydrogen production. 

Ethanol-based technology options also result in increased total emissions for criteria pollutants, because 
large amounts of emissions occur during biomass fanning and ethanol production. Our study estimates 
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total and urban emissions of criteria pollutants separately. Although total emissions are increased by the 
use of ethanol, a significant amount of the total emissions occurs outside of urban areas (on farms and in 
ethanol plants that will be located near biomass feedstock farms). While total emission results show the 
importance of controlling ethanol plant emissions, urban emission estimates show that the negative effects 
of biofuels (such as ethanol) on criteria pollutant emissions are not as severe as total emission results 
imply. These emissions are likely to be controlled in the future along with other stationary source 
emissions. 

Examination of GHG and criteria pollutant emissions reveals tradeoffs for some vehicle/fuel 
technologies. For example, while diesel vehicle technologies offer the potential to reduce fuel use and, 
consequently, to reduce GHG emissions, they may face challenges in reducing NO x and PM|o emissions. 
Our assumption that diesel vehicles will meet Tier 2 Bin 5 standards by no means understates the 
technical challenges that automakers face in achieving this goal. On the other hand, FCVs can achieve 
emission reductions for both GHGs and criteria pollutants — thus offering a long-term solution to 
emissions of both GHGs and criteria pollutants from the transportation sector. 

ES.4 Conclusions 

The results of our WTW analysis of criteria pollutant emissions show that, as tailpipe emissions from 
motor vehicles continue to decline, WTT activities could represent an increased share of WTW emissions, 
especially for hydrogen, electricity, ethanol, and FT diesel. Thus, in order to achieve reductions in criteria 
pollutant emissions by advanced vehicle technologies, close attention should be paid to emissions from 
WTT, as well as TTW, activities. 

Our study analyzed advanced vehicle technologies together with new transportation fuels, because vehicle 
technologies and fuels together have become increasingly important in seeking solutions to transportation 
energy and environmental problems. High-quality fuels are necessary to allow introduction of advanced 
vehicle technologies. For example, low-sulfur gasoline and diesel are needed for gasoline lean-bum and 
clean-diesel engines. The energy and environmental benefits of FCVs can be guaranteed only by using 
hydrogen from clean feedstocks and efficient production pathways. In a way, the recent popularization of 
WTW analyses reflects the new reality — that vehicles and fuels must be considered together in 
addressing transportation energy and environmental issues. 

Our study separates energy use into total energy, fossil energy, and petroleum energy. Separate results for 
each of the three energy types shed light on the true energy benefits offered by various transportation 
fuels. For example, some other studies that developed estimates for total energy use showed large 
increases in energy use for biofuels. But those studies failed to differentiate among the different types of 
energy sources. An energy pathway that offers a significant reduction in petroleum use may help U.S. 
domestic energy supply and energy security concerns. In Section 4, we demonstrate that total energy 
calculations can sometimes be arbitrary. For these reasons, we maintain that the type of energy sources, as 
well as the amount of energy use, should be considered in evaluating the energy benefits of vehicle/fuel 
systems. 

ES.5 Study Limitations 

Our intent was to evaluate the energy and emission effects of the vehicle/fuel systems included in this 
study, with the premise that they could be introduced around 2010. Like many other WTW studies, ours 
did not address the economics and market constraints of the vehicle/fuel systems considered. Costs and 
commercial readiness may eventually determine which vehicle/fuel systems will be able to penetrate the 


8 



141 


vehicle market. The results of this study provide guidance to help ensure that R&D efforts are focused on 
the vehicle/fuel systems that will provide true energy and emission benefits. Because WTW studies do not 
usually address economics, consumer acceptance, and many other factors, they cannot determine the 
marketability of vehicle/fuel systems. 

The fuel consumption of vehicle/fuel systems is one of the most important factors in determining WTW 
results for energy use and emissions, especially GHG emissions. Our analysis based vehicle fuel 
consumption simulations on the full-size Silverado pickup truck. Compared with a typical passenger car, 
the pickup truck has higher fuel consumption and higher tailpipe emissions, resulting in higher WTW 
energy use and emissions per mile. Most other WTW studies were based on passenger cars. Absolute 
results per mile driven between this study and other completed studies cannot be compared. However, the 
relative changes that can be derived from per-mile results in this study and other studies can be compared 
to understand the differences in potential energy and emission benefits of different vehicle and fuel 
technologies. 

Several major WTW studies have been completed in the past several years. For example, the 
Massachusetts Institute of Technology (MIT) conducted a WTW study in 2000 and updated the study in 
2003 (Weiss et al. 2000; 2003). The MIT study was based on a mid-size passenger car. The GM- 
sponsored European WTW study (L-B-Systemtechnik GmbH et al. 2002) was based on an Opel Zafira 
minivan with an engine displacement of 1 .8 L. A WTW study sponsored by the Joint Research Centre of 
the European Commission, Concawe, and European Council for Automotive R&D (2003) was based on a 
typical European compact car similar to the Volkswagen Golf. Comparison of absolute results from these 
studies and our study are less meaningful, mainly because different vehicle sizes were used in these 
studies. However, comparison of the relative change results among these studies should improve our 
understanding of the range of energy and emission benefits of advanced vehicle technologies and new 
transportation fuels, although such comparisons are beyond the scope of this study. 

The fuel consumption improvements of HEVs directly affect their WTW energy and emission benefits. 
The extent of HEV fuel consumption improvements depends largely on the degree of hybridization and 
on designed tradeoffs between fuel consumption and vehicle performance. The HEV design simulated in 
this study was intended to fully meet the performance goals of the conventional Silverado truck. 
Furthermore, engine downsizing was not assumed here for the best-estimate HEV design. This design 
decision resulted in smaller fuel consumption reductions by HEVs in this study than could be achieved 
with downsized engines. Downsized engines were considered in the best-case HEV scenario. 

Although we included many hydrogen production pathways in this shrdy, we certainly did not cover 
every potential hydrogen production pathway. For instance, we included neither hydrogen production via 
gasification from coal and cellulosic biomass nor hydrogen production via high-temperature, gas-cooled 
nuclear reactors. R&D efforts are currently in progress for these hydrogen production pathways. For some 
of the hydrogen production pathways considered in this study (such as hydrogen from NG in central 
plants), we did not assume carbon capture and storage. Had we done so, those pathways might have been 
shown to result in huge GHG emission reductions. 

Although we addressed uncertainties in our study with Monte Carlo simulations, the results of our 
simulations depend heavily on probability functions that we established for key WTW input parameters. 
Data limitations reduced the reliability of the distribution functions we built for some of the key input 
parameters, such as criteria pollutant emissions associated with key WTT and TTW stages. Nonetheless, 
systematic simulations of uncertainties in WTW studies could become the norm for future WTW studies. 


9 



142 


1. INTRODUCTION 


Since the 1980s, various transportation fuel-cycle analyses have been conducted to evaluate the energy 
and environmental impacts associated with fuel/vehicle systems. Earlier transportation fuel-cycle analyses 
were driven mainly by the introduction of battery-powered electric vehicles (EVs). Current transportation 
fuel-cycle analyses stem primarily from interest in fuel-cell vehicles (FCVs). While these vehicles could 
generate zero emissions from the point of view of vehicle operation, there are emissions associated with 
production and distribution of the fuels (i.e., electricity and hydrogen [H 2 ]). An accurate evaluation of the 
energy and environmental effects associated with these vehicles in relation to those associated with 
conventional internal combustion engine (ICE) technologies requires a full fuel-cycle analysis. In 
consumer products research, such analyses are often called “life-cycle” or “cradle-to-grave” analyses. In 
the transportation field, the fuel-cycle analysis is also referred to as a “well-to-whee!s” (WTW) analysis. 
However, unlike life-cycle analyses, WTW analyses usually do not take into account the energy and 
emissions required to construct fuel production infrastructure or those required to produce the vehicles. 

Figure 1-1 shows the scope of a typical transportation WTW analysis. To allow comparison with 
conventional analyses covering only vehicle operations, results of a WTW analysis are often separated 
into two groups: well-to-tank (WTT) and tank-to-wheels (TTW). WTT stages start with fuel feedstock 
recovery and end with fuels available in vehicle tanks. TTW stages cover vehicle operation activities. 
Because regulatory agencies have included evaporative emissions of volatile organic compounds (VOCs) 
that occur during vehicle refueling in calculating emissions for vehicle operation activities, a precise 
separation of WTW stages for criteria pollutant emissions estimation is more appropriate at the fuel 
pumps of refueling stations, in order to be consistent with vehicle emissions estimates. Thus, WTW 
stages are divided into well-to-pump (WTP) and pump-to-wheels (PTW) stages. Although our analysis 
has been conducted with the WTP and PTW separation, we use the terms WTT and TTW in this report 
(instead of WTP and PTW) to be consistent with the terms used in the Phase 1 report prepared by General 
Motors Corporation (GM) and others. 

There are a variety of fuel production pathways (or WTT options) from different energy feedstocks to 
different transportation fuels. Energy feedstocks for transportation fuel production could include crude 
oil, natural gas (NG), coal, biomass (grains such as com and cellulosic biomass), and different energy 
sources for electricity generation. Transportation fuels for evaluation could include gasoline, diesel, 
methanol (MeOH), ethanol (EtOH), compressed natural gas (CNG), Fischer-Tropsch (FT) diesel, 
hydrogen, and electricity. These combinations, plus different production technology options, can result in 



Figure 1-1 Scope of a Well-to-Wheels Analysis for Fuel/Vehicle Systems 
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many fuel pathways for WTW evaluation. Recent interest has been primarily in NG-based fuels, 
renewable fuels, and hydrogen. 

On the other hand, various vehicle propulsion technologies (TTW technologies) have been promoted for 
improving vehicle efficiencies, reducing vehicle emissions, and diversifying vehicle fuels. Vehicle 
propulsion technologies of interest include spark-ignition (SI) engines, direct-injection (Dl) compression- 
ignition (Cl) engines, hybrid electric vehicles (HEVs) with SI and Cl engines, FCVs, and battery-powered 
electric vehicles (EVs). These technologies, together with the different fuels used to power them, result in 
many vehicle/fuel combinations for WTW evaluations. 

To provide a systematic basis for comparing advanced propulsion technologies, GM sponsored a series of 
WTW analyses. The first of these, a North American analysis of energy consumption and greenhouse gas 
(GHG) emissions associated with a light-duty truck (LDT), was published in 2001 (GM et al. 2001). In 
this report, we refer to the 2001 study as the GM Phase 1 North American study. Because vehicle type, 
driving cycle, and fuels infrastructure can impact the results of WTW studies, a similar energy and GHG 
emissions study was conducted for Europe (GM Phase 1 European study), and the results were published 
in 2002 (L-B-Systemtechnik GmbH et al. 2002). 

Neither of these published studies included the WTW impacts of advanced vehicles and new fuel systems 
on criteria pollutant emissions. This study, which we refer to as the GM Phase 2 North American study, 
extends the Phase 1 North American study (GM et al. 2001) to include analysis of criteria pollutants 
including volatile organic compounds (VOCs), nitrogen oxides (NO x ), carbon monoxide (CO), particulate 
matter with a diameter smaller than 10 microns (PMio), and sulfur oxides (SO x ). In addition, the vehicle 
modeling was updated with the latest performance data, and a few additional vehicle propulsion systems 
were included in the analysis. 

Chapter 2 of this report describes the methodologies used in the Phase 2 study, presents fuel production 
pathways and vehicle propulsion systems, and provides data sources and processing. Chapter 3 presents 
vehicle fuel consumption results. Chapter 4 presents WTW energy and emission results and discusses key 
issues identified from the WTW results. Chapter 5 presents conclusions. Chapters 6 and 7 provide 
acknowledgments and a list of references cited in this report. Appendix A describes our analysis of the 
national emission inventory (NEI) database. Appendix B presents specific methods used to generate 
individual distribution functions for emissions associated with WTT activities. Appendices C and D 
provide tables listing WTT and WTW energy and emission results. 
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2. METHODOLOGIES AND FUEL/VEHICLE SYSTEM OPTIONS 


As part of our study, we analyzed 124 different WTW pathways. A pathway is a complete set of 
assumptions about the resource used, transportation, fuel production, and characteristics of the vehicle 
using the fuel. These 124 WTW pathways were constructed from 29 WTT fuel production pathways and 
22 TTW propulsion systems. Section 2.1 addresses fuel (WTT) production methodologies and pathways; 
Section 2.2 describes vehicle technology (TTW) methodologies and vehicle propulsion systems; and 
Section 2.3 presents the fuel/vehicle systems examined in our study. 

2.1 Fuel Production Simulation Methodologies and Pathways 

2.1.1 The GREET Model 

In 1995, with funding from the U S. Department of Energy (DOE), the Center for Transportation 
Research (CTR) of Argonne National Laboratory (ANL) began to develop a spreadsheet-based model for 
estimating the full fuel-cycle energy and emissions impacts of alternative transportation fuels and 
advanced vehicle technologies (Wang 1996). The intent was to provide an analytical tool to allow 
researchers to readily analyze various parametric assumptions that affect fuel-cycle energy use and 
emissions associated with various fuels and vehicle technologies. The model, called GREET (Greenhouse 
gases. Regulated Emissions, and Energy use in Transportation), calculates fuel-cycle energy use in Btu/mi 
and emissions in g/mi for various transportation fuels and vehicle technologies. For energy use, GREET 
includes total energy use (all energy sources), fossil energy use (petroleum, natural gas [NG], and coal), 
and petroleum use (each energy item is a part of the preceding energy item). For emissions, the model 
includes three major GHGs (carbon dioxide [CO 2 ], methane [CH 4 ], and nitrous oxide [N 2 O]) and five 
criteria pollutants (VOCs, CO, NO x , PM 10 , and SO x ). 

In the GREET model, the three GHGs are combined together with their global warming potentials 
(GWPs) to calculate C 02 -equivalent GHG emissions. The default GWPs in the latest GREET version — 
1 for CO 2 , 23 for CH 4 , and 296 for N 2 O — are recommended by the Intergovernmental Panel on Climate 
Change (IPCC 2001) for the 100 -year time horizon. On the other hand, because the location, as well as 
the amount, of criteria pollutant emissions is important, emissions of the five criteria pollutants are further 
separated into total and urban emissions. Total emissions are emissions occurring everywhere. Urban 
emissions, which are a subset of total emissions, are those occurring within urban areas. Urban areas in 
GREET are metropolitan areas with populations above 125,000, as defined by the U S. Bureau of the 
Census. The separation of criteria pollutant emissions is a crude step to provide some information about 
potential human exposure to criteria pollutant emissions. The separation is based on information 
regarding facility locations. 

Since the release of the first version of GREET, CTR/ ANL continues to update and upgrade the model. 
Development and use of earlier GREET model versions were documented in Wang (1999a, b) and in 
Wang and Huang (1999). In 2000, CTR/ANL began to work with GM and three energy companies to 
analyze WTW energy and GHG emission effects associated with advanced fuel/vehicle systems (GM 
etal. 2001). During this Phase 1 study, stochastic simulation based on the Monte Carlo method was 
introduced into the GREET model. Because of that effort and other ANL efforts, a new version — 
GREET 1.6 — was developed (Wang 2001). 
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The GREET model is in the public domain, and any party can use it free of charge. The model and its 
associated documents are posted at Argonne’s GREET website: http://www.transportation.anI.gov/ 
software/greet/index.html. 

A WTW analysis includes many WTT activities related to production and transportation of feedstocks 
and fuels. Figure 2-1 is a simplified diagram showing calculation logic for energy use and emissions 
associated with WTT production activities. For a given type of fuel production, total energy use is derived 
from the energy efficiency of each production activity. Then, energy use by each fuel type (e.g., NG, 
diesel, electricity) is estimated from the estimated total energy use and shares of fuel types. We calculate 
emissions by using energy use by fuel type, emission factors by fuel type, and combustion technology 
shares. Finally, urban emissions are estimated from total emissions and a split of facility locations 
between urban and non-urban locations. For CO 2 emissions, GREET takes a carbon-balance approach. 
That is, the carbon in CO 2 emissions is equal to the carbon contained in the fuel burned minus the carbon 
contained in combustion emissions of VOC, CO, and CH 4 . For details on calculation methodologies, see 
Wang (1999a, b). 



Figure 2-1 Calculation Logic for Well-to-Tank Energy Use and Emissions for Activities 
Related to Production of Feedstocks and Fuels 

The GREET model includes detailed simulations for activities related to transportation of feedstocks and 
fuels. Figure 2-2 schematically shows GREET simulation logic for transportation-related activities. For a 
given transportation mode (e.g., ocean tanker for crude transportation), input assumptions of energy 
intensity of the mode, transportation distance, energy use by fuel type, and emission factors by fuel type 
are specified. GREET then calculates energy use and emissions for the given mode of transporting a 
product. Transportation of a given product usually involves multiple transportation modes (for example, 
ocean tankers and pipelines are used for crude transportation). Thus, energy use and emissions for 
transporting a given product equal the share-weighted average of all the transportation modes for the 
product. 

Detailed assumptions regarding transportation activities, as shown in Figure 2-2, are presented in the GM 
Phase I report (GM et al. 2001). Simulations of transportation-related activities require specification of 
transportation logistics for energy feedstocks and fuels. Transportation logistics flowcharts for key 
feedstocks and fuels are presented in the GM Phase 1 report. Simulations of transportation activities in the 
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Figure 2-2 Calculation Logic for Well-to-Tank Energy Use and Emissions for Activities 
Related to Transportation of Feedstocks and Fuels 


Phase 2 study relied on Phase 1 study logistics specifications. In addition, readers can obtain detailed 
information regarding simulations of the transportation-related activities addressed in this study from the 
GREET model. 

As Figures 2-1 and 2-2 show, energy use associated with the WTT stages is determined mainly by energy 
efficiencies (for production-related activities) and energy intensities (for transportation-related activities). 
Carbon dioxide emissions are then determined by the energy use and the carbon contents of the fuels 
used. In the Phase 1 GM study, significant efforts were made to determine the energy efficiencies and 
intensities for key WTT stages. The Phase 2 study relies on the efficiency and intensity results from the 
Phase 1 study. 

For estimation of criteria pollutant emissions, emission factors (in g/mmBtu of process fuel burned) are a 
key determinant. That is, emissions of criteria pollutants for a given activity are determined by the amount 
of process fuels used during the activity and the emission factors of the process fuels used. Because 
criteria pollutant emissions are subject to stringent emission controls, there are no theoretical means of 
calculating emission factors for the criteria pollutants, except for SO*, for which the emission factor, in 
most cases, can be calculated from the sulfur content of a given process fuel. The majority of the effort in 
the Phase 2 study has been in establishing emission factors for the various steps involved in the WTT 
processes. Details regarding these efforts are presented in later sections of this report. 

The new GREET version is capable of applying Monte Carlo simulations to address the uncertainties 
involved in key input parameters. The Phase 2 study, as well as the completed Phase 1 study, uses this 
GREET feature to generate results with uncertainty ranges. For Monte Carlo simulations, probability 
distribution functions need to be established for key input parameters. In particular, on the basis of 
published data for given fuel-cycle stages, ANL established subjective probability distribution functions 
for each stage. These distribution functions are incorporated into the GREET model. In the Phase 1 study, 
distribution functions were established for energy efficiencies and GHG emissions of key WTW stages. 
In the Phase 2 study, distribution functions were established for emission factors (in g/mmBtu of fuel 
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burned for different combustion technologies used in WTT stages). For the TTW stage, the Phase 1 study 
established distribution functions for fuel economy associated with various vehicle/fuel systems. For the 
Phase 2 study, we established distribution functions for vehicular criteria pollutant emissions and revised 
the distribution functions for fuel economy values from the Phase 1 study. 

A commercial software. Crystal Ball™, is used in GREET to design and conduct Monte Carlo 
simulations. Distribution functions established for the Phase 1 and Phase 2 studies are embedded in the 
new GREET version. In order to use the new Monte Carlo simulation feature in GREET, users need to 
have both Excel and Crystal Ball™ software. However, if Crystal Ball™ software is not available, users 
can still conduct point estimates with the new GREET version in Excel. 

2.1.2 Fuel Production Pathways 

Figure 2-3 illustrates the WTT energy feedstocks and fuels considered this study. Key feedstocks 
analyzed include oil, NG, and biomass. We also considered the feedstocks currently used to make 
electricity (including coal, NG, nuclear, and renewables). Starting with these feedstocks, we analyzed 
various pathways used to make the following fuels: gasoline, diesel, crude naphtha, CNG, methanol, FT 
naphtha, FT diesel, gaseous hydrogen (GH 2 ), liquid hydrogen (LH 2 ), ethanol, and E85 (85% denatured 
ethanol with 15% gasoline by volume). 

Figure 2-3 illustrates the overall coverage from feedstocks to fuels of the Phase 2 study, but does not 
completely describe detailed production options for a given feedstock-to-fuel selection. Important factors 
for a specific fuel production pathway include the source of NG (North American [NA] or non-North 
American [NNA] sources) and whether the NG is converted to hydrogen at the fueling station or remotely 
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Figure 2-3 Energy Feedstocks and Fuels Examined in this Study 
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in large central plants. In total, 29 different fuel production pathways were analyzed in this study. These 
are listed in Table 2-1. 

The WTT portion of the Phase 1 study included 75 WTT pathways. However, not all of these WTT 
pathways were used in the WTW integration. In fact, the 75 original WTT pathways were reduced to 13 
for integration into the WTW analysis. In the Phase 2 study, on the other hand, all 27 WTT pathways 
were integrated into the WTW analyses. Pathways for which WTW integration analyses were added in 
the Phase 2 study include NG combined-cycle (CC) electricity to hydrogen via electrolysis and NA NG to 
CNG and hydrogen. During the Phase 1 study, WTW integration was not conducted on pathways 
involving NA NG because our analysis revealed that insufficient NA gas would be available to fuel a 
large share of the transportation fleet. Although we still recognize the resource limitations of NA NG, we 
included it in the Phase 2 WTW analysis to show the sensitivity of WTW results to the assumed location 
of the NG resource. In the GM Phase 1 report (GM et al. 2001), flowcharts for these fuel production 

Table 2-1 WTT Fuel Pathway Options Analyzed in Phase 2 Study 


Feedstock 


Fuel 


Petroleum 


NA and NNA NG 


Biomass 


Electricity to H 2 


(1 ) 30-ppm-sulfur (S) reformulated gasoline (RFG) without oxygenate (for 
conventional spark-ignition [SI] engine) 

(2) 10-ppm-S RFG without oxygenate (for direct-injection SI engine) 

(3) 5-ppm-S gasoline (for gasoline-powered FCVs) 

(4) 15*ppm-S (low-sulfur [LS]) diesel 

(5) Crude naphtha 

(6) NA NG to CNG a 

(7) NNA NG to CNG via liquefied NG (LNG) 

(8) NNA NG to methanol 

(9) NNA NG to FT diesel 

(10) NNA NG to FT naphtha 

(11) NA NG to GH 2 in central plants® 

(12) NNA NG to GH 2 in central plants via LNG 

(13) NA NG to GH 2 in refueling stations® 

(14) NNA NG to GH 2 in refueling stations via LNG 

(15) NA NG to LH 2 in central plants® 

(16) NNA NG to LH 2 in central plants 

(17) NA NG to LH 2 in refueling stations® 

(18) NNA NG to LH 2 in refueling stations via LNG 

(19) Com to ethanol for E85 blend (for ICEs) 

(20) Cellulosic biomass to ethanol for E85 blend (for ICEs) 

(21) Com to ethanol (for FCVs) 

(22) Cellulosic biomass to ethanol (for FCVs) 

(23) U.S. average electricity to GH 2 in refueling stations 

(24) U.S. average electricity to LH 2 in refueling stations 

(25) Calif, average electricity to GH 2 in refueling stations 

(26) Calif, average electricity to LH 2 in refueling stations 

(27) NG CC electricity to GH 2 in refueling stations® 

(28) NG CC electricity to LH 2 in refueling stations® 

(29) Renewable electricity to GH? in refueling stations® 


a WTT analysis, but not WTW analysis, was conducted for these pathways in the GM North American Phase 1 
study (GM etal. 2001). 
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pathways were presented. Key issues for each of the pathways covered in the Phase 2 study are presented 
below. Fuel properties assumed for this study are listed in Table 2-2. 

2.1.2.1 Petroleum to Gasoline, Diesel, and Naphtha 

The United States currently imports about 60% of its crude oil. Production of both domestic and foreign 
cmde was taken into account in our study to determine petroleum recovery efficiencies, transportation 
modes, and distances from oil fields to U.S. refineries. 

In the Phase 2 study, we include 30-ppm-sulfor (S) reformulated gasoline (RFG), 10-ppm-S RFG, 
5-ppm-S gasoline, 15-ppm-S diesel, and naphtha. The three types of gasoline are assumed to contain no 
oxygenates. Requirements for 30-ppm-S gasoline began to be implemented nationwide in 2004. The 
10-ppm-S RFG would probably be required if direct-injection spark-ignition (DI SI) engines are to be 
introduced in the U.S. so that they could meet the U.S. Environmental Protection Agency’s (EPA’s) 
Tier 2 NO x emission standards for light-duty vehicles. The 5-ppm-S gasoline is for FCVs to produce 
hydrogen from gasoline via onboard fuel processors. Even with 5-ppm-S gasoline, onboard 
desulfurization may be required for FCVs. 

The 15-ppm-S diesel will be introduced in 2006 in the U.S. market to help heavy-duty diesel vehicles 
meet upcoming 2007 emissions standards. Naphtha is currently produced in petroleum refineries and used 
as a gasoline blending component. Because of its low octane number, pure naphtha can not be used for 
ICEs, However, naphtha could be used as an FCV fuel to produce hydrogen via onboard fuel processors. 
For that purpose, we assume a sulfur content below 1 0 ppm for naphtha. 

Table 2-2 Properties of Fuels Included In this Study 


Fuel 

Lower Heating 
Value (Btu/gal) 

Density 

(g/gal) 

Carbon 

mass 

fraction (%) 

Sulfur 

Content 

(ppm) 

Carbon 

Content 

(g/mmBtu) 

30-ppm-S gasoline 

115,500 

2,791 

85.5 

30 

20.661 

10-ppm-S gasoline 

115,500 

2,791 

85.5 

10 

20.661 

5-ppm-S gasoline 

115,500 

2,791 

85.5 

5 

20,661 

LS diesel 

128,000 

3,240 

87.0 

15 

22,022 

Petroleum naphtha 

118,760 

2,861 

85.3 

1 

20,549 

NG-based FT naphtha 

111,780 

2,651 

84.2 

0 

19,969 

FT diesel 

118,800 

2,915 

86.0 

0 

21,102 

Methanol 

57,000 

2,996 

37.5 

0 

19,711 

Ethanol 

76,000 

2,996 

52.2 

5 

20,578 

E85 (81% ethanol/19% gasoline by volume 8 ) 

83,505 

2,957 

58.2 

10 

20,609 

Liquid hydrogen 

30,900 

268.7 

00.0 

0 

0 

Gaseous hydrogen b 

288° 

2.545 d 

00.0 

0 

0 

Natural gas b 

928° 

20.5“ 

74.0 

7 

16,347 


0 Ethanol contains about 5% of gasoline as a denaturant. Thus, E85 actually contains 81% ethanol and 
19% gasoline by volume. 
b At normal atmospheric pressure. 
c Btu per standard cubic foot. 

“ Grams per standard cubic foot. 
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Petroleum refining is the most important of the petroleum-based WTT stages. Past efforts at Argonne and 
during the GM North American Phase 1 study addressed the energy efficiencies associated with 
producing different petroleum products in great detail (see GM et al. 2001 and Wang et al. 2004). 
Because refineries produce multiple products (e.g., gasoline, diesel, naphtha), WTT analysis of a specific 
fuel requires the allocation of the overall refining efficiency among individual petroleum products. The 
Phase 1 report documented our approach to determining product efficiencies for each product (GM et al. 
2001). Subsequently, we addressed allocation of petroleum refinery energy use among products at the 
level of individual refining processes (Wang et al. 2004). Our detailed allocation analysis showed that 
allocation at the aggregate refinery level, as was done in the Phase 1 study, is a good approximation of the 
detailed allocation. We retained the Phase 1 allocation results for use in the Phase 2 study. 

2.1.2.2 Natural Gas to Compressed Natural Gas 

For the CNG production pathway, we include two potential NG sources: North American and non-North 
American natural gas. In the Phase 1 report, we summarized the trend of NG production and consumption 
in the United States and concluded that the NG reserve in North America may not be able to support a 
large-scale transportation market in addition to expanding conventional NG markets (GM et al. 2001). For 
large-scale transportation fuel production from NG to be feasible, the United States may have to rely on 
NNA NG. Thus, in our Phase 1 and 2 analyses, we consider both NNA and NA NG. In order to ship it to 
the United States for CNG production at refueling stations, NNA NG needs to be liquefied. Liquefaction 
of NG introduces an energy efficiency loss of about 10%. 

We assumed that NG would be compressed to 4,000 psi for storage at 3,600 psi aboard CNG vehicles. 
Energy requirements for CNG compression were calculated by using a formula discussed in the Phase 1 
report (GM et al. 2001). We did not consider CNG at pressures higher than 3,600 psi because the increase 
in NG density as pressure increases beyond 3,600 psi diminished due to the nonlinear compressibility of 
NG. We assumed electric compressors would be used at CNG refueling stations, because of their high 
reliability relative to gas compressors. Electric compressors are more efficient than gas compressors if 
one considers only the energy in electricity (vs. energy in NG for gas compressors). However, because 
GREET takes into account the energy loss for electricity generation, the overall efficiency of electric 
compressors, with consideration of electric power plant efficiency losses, could be lower than that of gas 
compressors. 

2 . 1.23 Natural Gas to Methanol 

Methanol is produced primarily from NG via steam methane reforming (SMR) or autothermal reforming 
(ATR). As of 2001, worldwide methanol production capacity was 11.8 billion gal/yr; of that total, South 
America accounts for 22%, the Middle East and Africa 22%, the Asian Pacific 21%, Europe 19%, and 
North America 16% (American Methanol Institute 2003). Mega-size methanol plants, especially newly 
built ones, are located in non-North American countries that have a plentiful (and therefore inexpensive) 
supply of natural gas. If a significant amount of methanol is to be used to power FCVs in the 
United States, it is likely that the methanol will be produced outside of North America. So only imported 
methanol was considered in the Phase 2 study. The Phase 1 study included methanol produced both in 
and outside of North America. 

We assumed that methanol would be produced in South America, the Middle East, and Africa and 
shipped to North America via ocean tankers. Once imported, we assumed that methanol would be 
distributed to bulk terminals and refueling stations via rail, barge, and truck. 
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2.1.2.4 Natural Gas to Fisctaer-Tropsch Diesel and Fischer-Tropsch Naphtha 

Although FT diesel can be produced from a variety of feedstocks, including NG, coal, and biomass, the 
current commercial interest involves FT diesel production from NG. Shell has announced plans for large- 
size NG-based FT plants in Australia, South Africa, and the Middle East. SasolChevron has announced 
plans for these types of plants in Nigeria and Qatar. Diesel fuel produced from NG via the FT process has 
low aromatics, extremely low sulfur content, and a high cetane number. It is a premium fuel for Cl 
engines. We included FT diesel for Cl engine technologies. 

In FT plants, naphtha is produced together with FT diesel. The volumetric share of FT naphtha could be 
20-30% of FT plant production, FT naphtha, with almost zero sulfur content and relatively high hydrogen 
content, could be a source for hydrogen production (via fuel processors) onboard FCVs. 

Natural gas feedstock cost is a major cost component of FT plant economics. Because of this, all the NG- 
based FT plants announced for construction are to be located in countries where NG is abundant and 
cheap. In the Phase 2 study, we assumed that FT diesel and naphtha would be produced in the Middle 
East and North Africa, and shipped to North America via ocean tankers. 

2.1.2.5 Natural Gas to Gaseous and Liquid Hydrogen 

Hydrogen is currently produced primarily from NG via SMR. For the purpose of completeness, we 
included both NA and NNA NG for hydrogen production, even though NA NG could be limited for 
large-scale hydrogen production. We included both GH 2 and LH 2 in our evaluation. Although other 
hydrogen storage technologies, such as metal hydrides, are being researched and developed, we do not 
include these because insufficient data were available to characterize system mass and energy required to 
release hydrogen. We assumed that GH 2 would be compressed to 6,000 psi at refueling stations for 
onboard storage at 5,000 psi. For LH 2 , we assumed that the hydrogen would be liquefied at the site where 
it is produced. While hydrogen is currently produced from NG at central production facilities, we 
included both central plant production and refueling station production. The latter can avoid or reduce the 
need for building an expensive hydrogen transportation and distribution infrastructure. 

2.1.2.5.1 Gaseous Hydrogen 

For GH 2 production, we included four pathways: central plants with NA NG, refueling stations with NA 
NG, central plants with NNA NG, and refueling stations with NNA NG. Although tanks for storage of 
hydrogen at 10,000 psi are being developed, we did not include this option in our analysis. Increasing 
compression pressure from 5,000 to 10,000 psi would result in the following increases in total energy use 
for GH 2 -powcred FCVs: a 17% increase in energy use for compressing hydrogen; a 5% increase in WTT 
energy use, and a 2% increase in WTW energy use. Thus, the effect of 10,000 psi vs. 5,000 psi on energy 
use and resultant emissions is small on a WTW basis. For the first pathway, GH 2 production in central 
plants with NA NG, the NG is transmitted via pipelines from NG processing plants to hydrogen plants. 
GH 2 is then transmitted via pipelines from hydrogen plants to refueling stations, where GH 2 is 
compressed for refueling hydrogen ICE and FC vehicles. For the pathway of hydrogen production at 
refueling stations from NA NG, the NG is transmitted from NG processing plants to refueling stations via 
pipeline. 

The third and fourth pathways, producing GH 2 in both central plants and refueling stations with NNA 
NG, the NNA NG is liquefied offshore near NG fields. LNG is then transported via ocean tankers to U.S. 
LNG terminals, where it is gasified. In the case of central plant production, NG is transmitted to central 
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hydrogen plants via pipelines. The produced GH 2 is then transported via pipelines to refueling stations, 
where it is compressed to 6,000 psi. For GH 2 production from NNA NG at refueling stations, NG is 
transported via pipelines to refueling stations. Although both NG and electric compressors can be used for 
compressing GH 2 , we assumed in our study that electric compressors would be used. Energy 
requirements for compressing GH 2 are estimated with a formula presented in the Phase 1 report (GM 
et al. 2001). 

2.1. 2.5.2 Liquid Hydrogen 

For LH 2 , we included four production pathways: central plants with NA NG, refueling stations with NA 
NG, central plants with NNA NG, and refueling stations with NNA NG. For the first pathway, central 
plant LH 2 production with NA NG, the NG is transported from NG processing plants to hydrogen plants, 
where hydrogen is produced and liquefied. The LH 2 is then transported to refueling stations primarily via 
rail and trucks. For the second pathway, station LH 2 produced with NA NG, the NG is transmitted from 
NG processing plants to refueling stations via pipelines, where hydrogen is produced and liquefied. 

The third pathway, central plant LH 2 production with NNA NG, involves production of LH 2 offshore and 
transportation to U.S. ports via ocean tankers. The LH 2 is then transported to refueling stations via rail 
and trucks. For the last pathway, refueling station LH 2 production with NNA NG, the NG is liquefied 
offshore and transported to U.S. LNG terminals via ocean tankers. The LNG is then gasified and 
transmitted to refueling stations via pipelines. Hydrogen is produced and liquefied in refueling stations. 

NG-based hydrogen plants convert the carbon in NG into CO 2 . The generated CO 2 in hydrogen plants 
could be captured and sequestered for further CO 2 reductions by hydrogen ICE vehicles and FCVs, if 
there were incentives to do so. However, CO 2 capture and sequestration were not considered in our 
analysis. 

2.1.2.6 Electricity to Caseous and Liquid Hydrogen via Electrolysis of Water 

Hydrogen can be produced from electricity by electrolyzing water. Because a large amount of electricity 
is required for hydrogen production, this production option is only economically feasible where electricity 
is cheap. On the other hand, the distribution and production infrastructure for hydrogen production via 
central SMR is expensive and could take a long time to establish. Because commercial electrolyzers and 
an extensive electricity distribution system are already available, electrolysis hydrogen was included in 
our analysis as an option during the early stage of hydrogen vehicle introduction into the marketplace. 

Energy and emission impacts of electrolysis hydrogen depend very much on the energy source from 
which electricity is generated. Our analysis included hydrogen from U.S. average electricity, electricity 
from NG-powered combined-cycle (NGCC) turbines, and electricity from renewable sources such as 
hydro-power, wind, and other energy sources. In the past 20 years, most new fossil fuel power plants have 
been efficient, low-polluting NGCC turbines, although because of recent NG price spikes, construction of 
many coal-fired power plants is planned in the near future. Renewable electricity could provide large 
fossil energy and emissions benefits. These three sources for electricity generation provide a range of 
results that cover the effects of potential electricity supply sources for hydrogen production. 

2.1.2.7 Biomass to Ethanol 

Ethanol can be produced through fermentation of sugars derived from com or cetlulosic biomass. In 2003, 
the United States consumed nearly 3 billion gallons of fuel ethanol for transportation use. About 90% of 
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the ethanol is produced from com. Although essentially no ethanol is currently produced from cellulose, 
research and development (R&D) is under way to develop and improve the technologies required to 
produce ethanol from cellulosic biomass. Because of the limited supply of com, ethanol produced from 
com cannot meet a large enough fraction of the transportation fuel demand. For example, the current 
3 billion gallons of ethanol production in the United States already consumes about 11% of total 
U.S.com production — 10.1 billion bushels in 2003 — accounting for only about 1.4% of the total 
U.S. gasoline demand of 142 billion gallons (on an energy basis). Corn-based ethanol is produced in both 
wet and dry milling ethanol plants. Wet milling plants are larger and require more capital investment to 
build than dry milling plants. Wet milling plants produce multiple co-products besides ethanol, while dry 
milling plants produce a single co-product — animal feed. In recent years, newly added U.S. ethanol 
production capacity has been in the form of dry milling plants because of their low capital requirements 
and short period of construction. As a result, in 2004, about 75% of total U.S. com ethanol was produced 
from dry milling plants. In our simulations of com ethanol for year 2016, we assume that 70% of com 
ethanol is produced from dry milling plants and the remaining 30% from wet milling plants. That is, we 
assume that in the future, large-size wet milling ethanol plants will be added to the U.S. com ethanol 
production capacity. 

In the long run, cellulosic biomass, such as crop residues and managed biomass growth (e.g., switchgrass 
and fast-growing trees), can provide a large amount of feedstock for ethanol production. We included 
ethanol production from both com and cellulosic biomass in our study. We assumed that cellulosic 
biomass for ethanol production was 50% from herbaceous (grasses) and 50% from woody sources. 

Processes analyzed for ethanol production pathways included manufacture of fertilizers and pesticides, 
transportation of fertilizers and pesticides to farms, farming activities, transportation of com (in the case 
of com ethanol) and cellulosic biomass (in the case of cellulosic ethanol) to ethanol plants, ethanol 
production in com or cellulosic ethanol plants, and ethanol transportation and distribution to refueling 
stations. 

2.1.3 Fuel Production Assumptions 

2.1J.1 Assumptions Related to Energy and GHG Emissions 

Table 2-3 lists the assumptions used for WTT energy efficiency and GHG emissions. These assumptions 
are discussed extensively in the Phase 1 study report (GM et al. 2001). For WTT stages, there are two 
major CO 2 emission sources: combustion of process fuels and direct emissions from production or 
conversion processes (such as the SMR process for hydrogen production). CO 2 emissions from process 
fuel combustion are calculated by using the carbon balance approach. That is, the carbon contained in a 
process fuel combusted minus the carbon in emissions of VOCs, CO, and CH 4 equals the carbon in CO 2 
emissions of the combustion. Furthermore, in GREET, the CO 2 formation from oxidation of VOCs and 
CO is taken into account in CO 2 emissions from a given process, because VOCs and CO reside in the air 
for fewer than 10 days. 

Emissions of CH 4 and N 2 O from a combustion process are determined by emission factors, in g/mmBtu 
of fuel combusted, based primarily on EPA’s AP-42 report (EPA 1995). During the Phase 2 study, 
detailed emissions data for VOCs, CO, NO*, PM, 0 , and SO* were obtained from EPA’s emissions 
inventory data (as discussed in a later section) for developing the distribution functions of emission 
factors for these pollutants. Emissions factors for CH 4 and N 2 0 in Phase 2 simulations still rely on 
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Table 2-3 Key Parametric Assumptions for WTT Energy Efficiencies and GHG Emissions 


Pathway 

Petroleum Pathways 

Petroleum recovery efficiency 
CH 4 emissions during crude recovery: g/mmBtu c 
Petroleum refining efficiency: 5- to 30-ppm-S gasoline 
without oxygenate 

Petroleum refining efficiency: 15-ppm-S diesel 
Petroleum refining efficiency: 5-ppm-S naphtha 
Gasoline production C0 2 emissions: g/mmBtu d 
NG Pathways 
NG recovery efficiency 
NG processing efficiency 

NG liquefaction efficiency (for NNA NG transported to 
North America) 

NG compression efficiency with electric compressor 
Methanol plant efficiency^ 

FT plant efficiency^: for FT diesel and naphtha 
production 

H 2 central plant efficiency^: GH 2 production 

H 2 station efficiency^: GH 2 production 

H 2 central plant efficiency: liquefaction of GH 2 

H 2 station efficiency: liquefaction of GH 2 

GH 2 compression efficiency* 1 : sent via pipeline to 

stations from central plant 

GH 2 compression efficiency* 1 : GH 2 produced at 

stations 

CH 4 emissions during NG recovery and processing: 
g/mmBtu 

CH 4 emissions during NG transmission to central 
plants: g/mmBtu 

CH 4 emissions during NG transmission to stations: 
g/mmBtu 

CH 4 emissions from LNG boil-off after recovery: 
g/mmBtu 

FT plant carbon conversion efficiency 
Electricity to Hydrogen Pathways 
NG*fired boiler electric power plant efficiency* 

NG-fired CC electric power plant efficiency* 

Coal-fired boiler electric power plant efficiency 1 ' 
Coal-fired advanced boiler electric power plant 
efficiency* 

Electrolysis efficiency: GH 2 from electricity in station 
GH 2 compression efficiency* 1 : GH 2 produced at 
stations 

H 2 station efficiency: liquefaction of GH 2 


Distribution 


Function Type 

P20® 

P50* 

P80 a 

Triangular 5 

96.0% 

98.0% 

81.757 

99.0% 

Normal 

83.0% 

84.5% 

86.0% 

Normal 

85.0% 

87.0% 

89.0% 

Normal 

89.0% 

91.0% 

93.0% 



1,253 


Normal® 

96.0% 

97.5% 

99.0% 

Normal® 

96.0% 

97.5% 

99.0% 

Triangular 5 

87.0% 

91.0% 

93.0% 

Triangular 5 

96.0% 

97.0% 

98.0% 

Triangular 5 

65.0% 

67.5% 

71.0% 

Normal 

61.0% 

63.0% 

65.0% 

Normal 

68.0% 

71.5% 

75.0% 

Normal 

62.0% 

67.0% 

72.0% 

Triangular 5 

65.0% 

71.0% 

77.0% 

Normal 

60.0% 

66.0% 

72.0% 

Triangular 5 

90.0% 

92.5% 

95.0% 

Triangular 5 

91.5% 

94.0% 

96.5% 



106.063 




81.161 




122.581 




48.0 




80% 


Normal 

32.0% 

35.0% 

38.0% 

Triangular 5 

50.0% 

55.0% 

60.0% 

Normal 

33.0% 

35.5% 

38.0% 

Normal 

38.0% 

41.5% 

45.0% 

Normal 

67.0% 

71.5% 

76.0% 

Triangular 5 

91.5% 

94.0% 

96.5% 

Normal 

60.0% 

66.0% 

72.0% 
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Table 2-3 (Cont.) 


Pathway 

Distribution 
Function Type 

P20 3 

P50 a 

P80 a 

Biomass to Ethanol Pathways 





Com farm energy use: Btu/bushel of com 

Weibutl 

20,895 

23,288 

27,735 

Woody biomass farm energy use; Btu/dry ton 

Normal 

176,080 

234,770 

293,460 

Herbaceous biomass farm energy use: Btu/dry ton 

Normal 

162,920 

217,230 

271,540 

Com farm nitrogen (N) fertilizer use: g/bushel 

Weibuil 

370 

470 

545 

Woody biomass farm N fertilizer use: g/dry ton 

Normal 

532 

709 

886 

Herbaceous biomass farm N fertilizer use: g/dry ton 

Normal 

7,980 

10,635 

13,290 

N in N 2 0 from N in fertilizer com farms 

Triangular 6 

1.0% 

2.0% 

3.0% 

N in N 2 0 from N in fertilizer cellulosic biomass farms 

Triangular* 1 

1.0% 

1.5% 

2.0% 

Soil C0 2 emissions from cornfields: g/bushel of corn 

T riangular 6 

0 

195 

390 

Soil CO z sequestration of tree farms: g/dry ton of 
biomass 

Triangular* 1 

-225,000 

-112,500 

0 

Soil C0 2 sequestration of grass farms: g/dry ton of 
biomass 

Triangular* 1 

-97,000 

-48,500 

0 

Com ethanol plant ethanol yield - dry mill: gal/bushel 

Triangular* 1 

2.5 

2.65 

2.8 

Com ethanol plant ethanol yield - wet mill: gal/bushel 

Triangular 6 

2.4 

2.55 

2.7 

Com ethanol plant energy use - dry mill: Btu/gal 

Normal 

32,101 

36,120 

40,139 

Com ethanol plant energy use - wet mill: Btu/gai 

Normal 

42,043 

45,950 

49,857 

Woody cellulosic ethanol plant ethanol yield: gal/dry 

Normal 

76 

87 

98 

Herbaceous cellulosic ethanol plant ethanol yield: 
gal/dry ton 

Normal 

80 

92 

103 

Woody cellulosic ethanol plant electricity production" 1 : 
kWh/gal 

Triangular 6 

-1.73 

-1.145 

-0.560 

Herbaceous cellulosic ethanol plant electricity 
production" 1 : kWh/gal 

Triangular 6 

-0.865 

-0.572 

-0.280 


a Here, P20 values mean that there is a probability of 20% that actual values would be equal to or below the P20 
values; P50 values mean that there is a probability of 50% that actual values would be equal to or below the P50 
values; and P80 values mean that there is a probability of 80% that actual values would be equal to or below the 
P80 values. 

b These values are for the minimum, the most likely, and the maximum values for the triangular distribution function. 

c CH4 emissions from crude oil processing in oil fields and associated gas venting during crude recovery. No 
distribution function was established for this parameter. 

d C0 2 emissions from processes other than fuel combustion in petroleum refineries. The value here is for gasoline 
production. Emissions generated during production of other fuels (such as diesel and naphtha) are estimated by 
using the gasoline value and relative refining intensity between gasoline and each of the other fuels. 

6 For these distributions, the maximum value was set at 100%. 

f The efficiency for electric compressors is calculated based on Btu of input electricity. Energy loss for electricity 
generation is taken into account by GREET during electricity generation. 

9 Efficiencies here are for plant designs without steam or electricity co-generation. 

h Electric compressors are assumed for GH 2 compression. Efficiencies, defined previously (GM et al. 2001), are 
calculated based on Btu of input electricity. Energy loss of electricity generation is taken into account by GREET 
during electricity generation. 

1 We assume that NG-fired boiler electric power plants generate 10.5% of total U.S. electricity. 

i We assume that NG-fired CC electric power plants generate 4.5% of total U.S. electricity. 

k We assume that coal-fired boiler electric power plants generate 43% of total U.S. electricity. 

1 We assume that coal-fired advanced boiler electric power plants generate 10.8 % of total U.S. electricity. 

m The amount of electricity co-generated in cellulosic ethanol plants for export. The negative values here mean 
export of electricity from ethanol plants. 
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point-based emissions factors from AP-42. That is, the potential uncertainties in CH 4 and N 2 O emissions 
from fuel combustion were not taken into account in either the Phase 1 or Phase 2 simulations because of 
data limitation. 

This section presents key parametric assumptions for WTT energy efficiencies and GHG emissions used 
in the Phase 2 study. In many cases, energy efficiency and GHG emission assumptions are the same for 
both the Phase 1 and Phase 2 studies, 

2.13.2 Assumptions Related to Criteria Pollutant Emissions 
2.13.2.1 GREET Simulation Approach for Criteria Pollutant Emissions 

This section discusses the general approach and issues in estimating WTT criteria pollutant emissions 
using GREET. To estimate WTT energy use and emissions for a given fuel production pathway, GREET 
first estimates energy use (in Btu) and emissions (in g) per million Btu of fuel throughput for a given 
WTT activity, such as petroleum refining and hydrogen production. The model then combines the energy 
use and emissions from all WTT activities associated with a fuel production pathway to estimate total 
WTT energy use and emissions for a million Btu of the fuel available at the pump of a refueling station. 

For a given WTT activity, energy input per unit of energy product output is calculated in GREET from 
the energy efficiency of the activity. By definition, energy efficiency is the energy output divided by the 
energy input (including energy in both process fuels and energy feedstock). Thus, total energy input for a 
unit of energy output for a WTT activity is calculated by the following: 

Energy;,, = 1/efficiency, 

where 

Energy;,, = Energy input of a given stage (say, in Btu per Btu of energy product output from the 
activity), and 

Efficiency = Energy efficiency for the given activity (defined as [energy output]/[energy input] for the 
activity). 

Energy efficiencies of WTT activities for various fuel production pathways were addressed in the Phase 1 
WTW report (GM et al. 2001). The energy efficiency results of these prior efforts, presented in Table 2-3, 
were used in the Phase 2 study. 

The above equation calculates total energy input required for a given activity. The total energy input 
could comprise the Btus in energy feedstock and process fuels. In most cases, energy feedstock includes 
both a feed for production of a fuel and a process fuel involved in combustion during a given activity. To 
calculate emissions, total feedstock input needs to be separated into feed and fuel, as described in Wang 
(1999a). Converting feed to a given fuel (which, in most cases, is a chemical process) may produce 
emissions. Combustion of a feedstock as a fuel, as well as combustion of other process fuels, certainly 
produces emissions. The combustion emissions are estimated in GREET by using the amount of fuels 
burned and the combustion emission factors for given fuels with given combustion technologies. 

Combustion of different process fuels can have very different emission profiles. GREET includes process 
fuels such as NG, residual oil, diesel, gasoline, crude oil, liquefied petroleum gas (LPG), coal, electricity, 
and biomass. Different activities could involve very different shares of these process fuels. For example. 
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com ethanol plants are powered primarily by NG and coal; petroleum refineries by NG, refinery gas, and 
electricity; NG SMR hydrogen plants by NG. GREET specifies shares of process fuels for individual 
WTT activities based primarily on statistical data and data available from open literature. 

Emissions of VOCs, CO, NO x , PMio, SO Xl CH 4 , N 2 O, and CO 2 for a particular WTT activity are 
calculated in g/10 6 (million) Btu of fuel throughput from that activity. Emissions occurring during an 
individual activity include those resulting from the combustion of process fuels and from non-combustion 
processes such as chemical reactions and fuel leakage and evaporation. The latter emission sources are 
fuel-specific and activity-specific; they are discussed later in this section. Emissions from combustion of 
process fuels for a particular activity are calculated by using the following formula: 

EM mJ = |X Z EF u.> +1.000,000] 


where 


EM cm j = Combustion emissions of pollutant i in g/10 6 Btu of fuel throughput , 

EFjjjt = Emission factor of pollutant i for process fuel j with combustion technology k (g/10 6 Btu of 
fuel burned ), and 

FCj k = Consumption of process fuel j with combustion technology k (Btu/10 6 Btu of fuel 
throughput). 

FCj ); for a given activity is, in turn, calculated by using the following formula: 

FC j,k = FC x Share fay x Share lechkj , 
where 

FC - Total process fuel consumption for the given activity (in Btu/10 6 Btu of fuel throughput, 
calculated with energy efficiencies and separation between feeds and fuels for 
feedstocks, sec above discussion), 

Sharefujij = Share of process fuel j out of all process fuels consumed during the activity (Xjfuelj = 1 ), 
and 

Sharetechkj = Share of combustion technology k out of all combustion technologies for fuel j 
(Zktech k j = 1 ). 

Emission factors (EFy.k) are a key component in determining WTT criteria pollutant emissions. 
Stationary emission regulations by EPA and by state and local air regulatory agencies dictate emission 
factors for given combustion technologies and given emission sources. Emission factors for VOCs, CO, 
NO x , PM)o, CH 4 , and N 2 O for different combustion technologies fueled by different process fuels in 
previous GREET versions were derived primarily from EPA’s AP-42 document (EPA 1 995). Through the 
Phase 2 study, a significant amount of effort was spent to update emission factors in GREET (these 
efforts are discussed in later sections). 

In the GREET model, SO x emission factors for combustion technologies fueled with all fuels except coal, 
crude oil, and residual oil are calculated by assuming that all sulfur contained in these process fuels is 
converted into sulfur dioxide (SO 2 ). The following formula is used to calculate the SO x emissions for the 
combustion technologies: 
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S0 X j = Density j * LHV, x 1,000,000 x S _ ratio, x 64 + 32 , 


where 


SOxj 

Density, 

LHVj 

S_ratiOj 

64 

32 


SO x (in SO 2 ) emission factor for combustion of process fuel j 
(in g/10 6 Btu of fuel j burned), 

Density of process fuel j (in g/gal for liquid fuels, g/SCF [standard cubic foot] for gaseous 
fuels such as NG [density for solid fuels such as coal and biomass is not needed]), 

Low heating value of process fuel j (in Btu/gal for liquid fuels, Btu/SCF for gaseous fuels, 
or Btu/ton for solid fuels), 

Sulfur ratio by weight for process fuel j. 

Molecular weight of SO 2 , and 
Molecular weight of elemental sulfur. 


As this formula implies, SO x emission factors for fuel combustion are determined by the sulfur content of 
the burned fuels and not by combustion technologies. However, uncontrolled SO x emission factors 
associated with combustion of residual oil, crude oil, and coal are very high — they all exceed emission 
standards. Desulfurization measures have to be employed for combustion technologies powered by these 
fuels to reduce SO x emissions to acceptable levels. For these cases, SO x emission factors for various 
combustion technologies are derived by using a method similar to that used to identify the emission 
factors of other criteria pollutants. 


There are some exceptions to using the formula provided above to calculate SO x emissions. Some 
chemical conversions of feedstocks to fuels require catalysts; these conversions include production of 
methanol, hydrogen, and FT diesel from NG in plants and production of hydrogen from gasoline, 
methanol, and ethanol onboard FCVs by means of fuel processors. In these cases, sulfur contained in a 
feedstock can poison catalysts and must be removed from the feedstock before it enters the fuel 
production units. Desulfurization of feedstocks usually produces solid wastes that contain immobilized 
sulfur. In these cases, the sulfur contained in the feedstocks becomes solid waste; it is not released as air 
emissions. No SO x air emissions are assigned for these cases. 


In GREET, combustion CO 2 emission factors (in g/mmBtu of fuel throughput) are calculated by using a 
carbon balance approach, in which the carbon contained in a process fuel burned minus the carbon 
contained in combustion emissions of VOCs, CO, and CH 4 is assumed to convert to CO 2 . The following 
formula is used to calculate CO 2 emissions: 


C0 2 Jk = [Density j + LHVj x 1,000,000 x C_ratio j - (VOC j t x 
0.85 + COjj, x 0.43 + C7/ 4 j1 x 0.75)] x 44 - 12, 


where 


C0 2 j,ic 

Densityj 

LHVj 

Cratioj 


Combustion C0 2 emission factor for combustion technology k burning process fuel j (in 
g/mmBtu of fuel j burned), 

Density of process fuel j (in g/gal for liquid fuels, g/SCF for gaseous fuels [density for solid 
fuels is not needed]), 

Low heating value of process fuel j (in Btu/gal for liquid fuels, Btu/SCF for gaseous, or 
Btu/ton for solid fuels). 

Carbon ratio by weight for process fuel j. 
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voq, k 

0.85 

CO jik 

0.43 

CH 4j,k 

0.75 

44 

12 


VOC emission factor for combustion technology k burning process fuel j (in g/mmBtu of 
fuel j burned). 

Estimated average carbon ratio by weight for VOC combustion emissions, 

CO emission factor for combustion technology k burning process fuel j (in g/mmBtu of fuel 
j burned), 

Carbon ratio by weight for CO, 

CH4 emission factor for combustion technology k burning process fuel j (in g/mmBtu of fuel 
j burned), 

Carbon ratio by weight for CH4, 

Molecular weight of CO2, and 
Molecular weight of elemental carbon. 


The above formula shows that combustion CO2 emissions do not include carbon contained in VOCs, CO, 
and CH4 emissions. On the other hand, VOCs and CO reside in the atmosphere for fewer than 1 0 days 
before they are oxidized into CO2. In GREET, the indirect CO2 emissions from VOC and CO oxidation 
in the atmosphere are considered in total CO2 emission calculations. 


Besides emissions from combustion of process fuels, emissions are also caused by non-combustion 
chemical and physical processes. GREET takes these non-combustion, or process-related, emission 
sources into account. Such emission sources include VOC evaporative emissions and emissions from fuel 
spillage during transportation and storage of volatile liquid fuels, fuel leakage of gaseous fuels, emissions 
from flaring and venting of associated gas in oil fields, refining-process-related emissions in petroleum 
refineries, and emissions from SMR in hydrogen and other chemical plants. These emission sources are 
considered for individual non-combustion processes as needed; they are discussed in later sections. 

Energy use and consequent CO2 emissions from WTT activities are not regulated in the United States. 
The performance of individual facilities with respect to these two factors may be determined primarily by 
economic tradeoffs between the costs of technologies and the benefits of their fuel savings. Emissions of 
criteria pollutants in major facilities — such as petroleum refineries and electric power plants — and by 
major combustion technologies, on the other hand, are strictly regulated. This is especially true for those 
facilities located in air quality standard non-attainment areas. 

A major challenge we faced in completing the Phase 2 study was addressing the complexity of criteria 
pollutant emissions associated with WTT activities with respect to geographic locations and over time. 
This study was intended to analyze cases representing the United States as a whole. During our study, we 
investigated emissions from facilities located in attainment areas, California non-attainment areas, and 
non-attainment areas in the rest of the United States to cover geographic variations and uncertainties. 
Although some of the fuel pathways included in this study involve production facilities outside of North 
America (such as NNA NG-based LH 2 and NNA NG-based FT diesel), we assumed that these facilities 
would have emission profiles similar to those of the facilities located in North America. Although this 
assumption is crude, its effects on urban emissions of criteria pollutants are minimal (see discussion of 
urban emissions on the following page). 

In order to better understand the trends and uncertainties associated with criteria pollutant emissions over 
time, we decided to investigate historical trends in criteria pollutant emissions between 1990 and 2000 to 
provide hints for future trends — from 2000 to 20 1 6 (the latter is the target year for this analysis). 
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In this study, both spatial and temporal variations and uncertainties in criteria pollutant emissions were 
addressed through investigating, in great detail, the National Emissions Inventory (NEI) database 
maintained by EPA. 

While the effects of GHG emissions are global, those of criteria pollutants are primarily focused on local 
populations. Thus, human exposure to criteria air pollution needs to be taken into account. This is 
especially important for WTW analyses of criteria pollutant emissions because such analyses usually add 
emissions in different locations together. To address this issue, GREET is designed to separate emissions 
of criteria pollutants into total emissions and urban emissions (the latter is a subset of the former). Total 
emissions are the sum of emissions occurring everywhere during a WTW chain. Urban emissions are 
those only occurring within U.S. urban areas. Urban areas here are defined by the U.S. Bureau of the 
Census as cities having populations greater than 125,000. Our estimates of urban emissions for individual 
facilities are based on their locations. For existing facilities — such as petroleum refineries and electric 
power plants — the share of urban and non-urban facilities (by capacity) is based on the locations of 
existing facilities, which we collected from the Energy Information Administration (EIA) and industry 
databases. For new facilities — such as plants constructed to produce hydrogen as a transportation fuel — 
the share is determined based on the specification of a given hydrogen production pathway (e.g., central 
plants vs. refueling stations), the split of urban vehicles and non-urban vehicles, and their vehicle miles 
traveled (VMT). 

The separation of criteria pollutant emissions into total and urban emissions is an important first step to 
address potential human exposure, as well as the total amount of emissions from a particular fuel 
pathway. However, this approach is not a precise way to address the human health effects associated with 
these pollutants. To do so precisely, researchers need to estimate emissions by geographic location, 
conduct simulations of air quality and human exposure, and assess the human health effects of such 
exposure. These tasks are far beyond the scope of the WTW analysis conducted for this study. 

2.1.3.2.2 Development of Criteria Pollutant Emission Factors 

l. The National Emissions Inventory 

Previous versions of the GREET model employed criteria pollutant emission factors primarily from 
EPA’s AP-42 documents (EPA 1995). In addition to AP-42, however, EPA maintains the NEI database 
(EPA 1999), which consists of emissions inventory information for point sources collected from state and 
local air agencies. Data in this inventory are commonly used for air quality monitoring and human 
exposure modeling. Commercial enterprises are required to report emissions inventory information to 
these state and local agencies, and this information is then reported to EPA and input into the NEI. In 
many cases, the commercial enterprises may use emission factors from AP-42 to estimate emissions from 
their facilities. However, if they believe their emissions are different from those provided in AP-42, they 
report the actual emissions, particularly if they are subject to continuous emissions monitoring (CEM) 
requirements. Because the NEI appears to be the most complete listing of point source emissions, it was 
used to update the emission factors in GREET for all sources except utilities. As discussed in the section 
below, utility emission factors were based primarily on recent EPA analyses and projections in the EPA 
Interstate Air Quality Rule (EPA 2004a). 

Air Improvement Resource, Inc. (AIR) contracted with Eastern Research Group (ERG) to analyze 
emissions inventory information in the NEI in order to derive emission factors for combustion processes 
and major facilities. Following ERG’s analysis of the emission factors, AIR used these data to create 
distributions of point source emissions for GREET. ERG’s analysis of the NEI database and other 
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databases necessary to estimate emission factors is discussed in the following sections. AIR’s analyses of 
these data are also discussed in a later section. 

The retrospective emissions data obtained in this analysis were not used directly in our study. Instead they 
were one of several inputs used to project emissions factor distributions for 2016. 

The draft 1 999 NEI database for criteria pollutants from point sources was used for this analysis. These 
NEI data files represent emissions and activity data from 1999. Some data elements, including process- 
level emissions and facility locations, are required when submitting data to the NEI. However, other data 
elements, like standard industrial classification (SIC), activity data (e.g., fuel throughput), and emission 
factors (in mass per fuel throughput), are not required. In order to estimate emission factors using data 
contained in the NEI, both process-level emissions and activity data were needed for each source. In some 
cases, the lack of activity data limited the amount of emissions data that could be used to estimate 
emission factors. In other cases, if possible, we used activity data for facilities of interest from other 
sources (journals and web sites) to supplement the NEI data. 

II. Extraction anti Refinement of Emissions Data in the NEI 

Several steps were performed to extract emissions data from EPA’s NEI. Figure 2-4 provides a 
generalized flowchart of these steps. As a first step, industries relating to transportation fuels were 



Figure 2-4 Steps Performed in the Extraction and Refinement of Emissions Data 

assigned an SIC that represented the primary activities of the industry. We compiled a list of these 
assigned SICs. Facilities containing a primary SIC that matched one of the SICs in the list were extracted 
from the NEI database. Data from roughly 13,000 facilities were originally extracted from the NEI 
database, representing 40 SICs. 

Data from the collection of SICs were then divided by area category. The three area categories are: 
attainment areas (AA), nonattainment areas in California (CaNAA), and nonattainment areas outside 
California (NonCaNAA). Once split by area category, the data were placed into separate tables according 
to SIC and area category. Criteria specific to each industry were constructed to refine the data extracted. 
Source classification codes (SCCs), which identify different types of emission sources, were used as the 
primary criteria for extracting key facilities from each SIC-area grouping. Each emission source reported 
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for each facility in the NEI database was assigned an SCC. Another criterion used to improve the quality 
of the data set was the requirement that all facilities extracted have throughput or capacity data reported 
for at least one source. 

Within each group of the key facilities, selection of a smaller sample of facilities from each SIC-area 
grouping was “randomized" to ensure a representative, unbiased collection of emissions data by facility 
size. This “random” facility selection was done by sorting the facilities within each group by total 
emissions (in total mass, not emission factors in mass per throughput) for all pollutants. (Facilities with 
higher total emissions are generally larger facilities, not necessarily facilities that employ fewer emissions 
controls.) A specified number of facilities (between 3 and 12, depending on the industry) was extracted 
from the top, middle, and bottom of each sorted list. Every emission source from each of these groupings 
was then reviewed to choose the most representative facilities: four top-emitting, three middle-emitting, 
and three bottom-emitting facilities. The following questions were used as further checkpoints when 
reviewing and selecting given facilities: 

• Does the facility represent a complete group of process and combustion sources for 
the industry? 

• Does at least one process source within the facility contain throughput or capacity 
data that represents the entire facility? 

• Do different types of combustion sources contain throughput or capacity data? 

• Unless the industry is found only in particular regions of the United States, are 
multiple states represented? 

• If there are both controlled and uncontrolled sources within an SIC-area grouping, or 
different types of controls within an SIC-area grouping, is there a representative 
mixture of controlled and uncontrolled sources? 

Once the representative key facilities were selected, emission sources were divided according to 
combustion sources and process source for each SIC-area grouping. Table 2-4 provides the original SIC- 
area groupings for industries for which we calculated emission factors. Several SIC-area groupings were 
dropped at various stages of the extraction and refinement analysis for different reasons, including 
missing or invalid throughput data (unavailable elsewhere) and unrepresentative facilities for a particular 
industry. 

III. Activity Data Used to Estimate Emission Factors 

For combustion sources, excluding those for electric utilities (which were processed differently, as 
described later), activity data provided in the NEI were used in all cases. Emission factors were developed 
in terms of mass per million Btu (mmBtu) of fuel input. Fuel specific heating values from AP-42 were 
used to convert fuel input units reported in NEI to units of mmBtu. Table 2-5 lists input units and heating 
values used for the different fuel types. As the table shows, heating values of the fuels are higher heating 
values (HHVs). Thus, emission factors generated from NEI are HHV-based. On the other hand, GREET 
simulations are conducted with the low heating values (LHVs) of fuels. The NEI-based emission factors 
were eventually converted into LHV-based emission factors for GREET simulations. 

For process sources, activity data were used when these data were available and representative of the 
overall process for each facility in an industry. Table A-l in Appendix A provides a summary of sources 
used for process source activity data. 
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Table 2-4 Industries and Area Categories Originally Extracted for Calculation of 
Emission Factors 


SIC 

Industry Description 

AA 

CaNAA 

NonCaNAA 

1221 

Bituminous coal and lignite surface mining and 
processing 

X 



1222 

Bituminous coal underground mining and processing 

X 



1311 

Oil and NG production/processing 

X 



1321 

NG liquids production 

X 

X 

X 

1381 

Oil and NG wells 

X 



2869 

Ethanol production 

X 



Methanol production (from NG) 

X 

X 

X 

2873 

Nitrogen fertilizer production 

X 

X 

X 

2874 

Phosphate fertilizer production 

X 

X 

X 

2911 

Petroleum refineries 

X 

X 

X 

4612 

Crude petroleum pipelines 

X 



4613 

Refined petroleum product pipelines 

Electric utilities: bituminous/sub-bituminous coal-fired, 

X 

X 

X 

4911 

lignite-fired, NG-fired boilers, NG turbines, oil-fired 
boilers 

X 

X 

X 

4922 

NG transmission and storage 

X 



5171 

Petroleum bulk terminals: crude, gasoline, diesel 

X 

X 

X 

5541 

Service stations: gasoline, diesel 

X 

X 

X 


Table 2-5 Fuel-Specific Data for Combustion Sources 


Fuel Type 

NEI Throughput 
Unit 

Higher Heating 
Value 

Residual oil and waste oil 

1 0 3 gal/yr 

150,000 Btu/gal 

Distillate oil 

10 3 gal/yr 

140,000 Btu/gal 

Gasoline 

10 3 gal/yr 

130,000 Btu/gal 

Propane 

10 3 gal/yr 

94,000 Btu/gal 

NG and process/refinery gas 

10 6 ft 3 /yr 

1,050 Btu/SCF 

Coke 

ton/yr 

1 3,300 Btu/lb 

Bituminous/subbituminous coal 

ton/yr 

13,000 Btu/lb 

Solid waste 

ton/yr 

4,500 Btu/lb 
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For electric utilities, fuel throughputs from all combustion units within each facility were summed, and 
heat rates from EPA’s E-GRID2000 (EPA 2004b) were used to convert the total annual throughputs to 
total electricity generated annually from each facility. 

IV. Calculation of Emission Factors from the NEI 

In general, annual emissions data were divided by industry-specific activity data to produce emission 
rates in mass/mmBtu, In all of the calculations, emissions reported as zero tons/yr from the NEI were 
treated as missing data instead of zero values. This procedure was performed to reduce “false” zeros that 
were meant to represent missing data, not zero emissions. Removing zeros from approximately 3% of the 
total data analyzed resulted in more accurate average emission factors. Both arithmetic averages and 
volume-weighted averages were estimated for each set of emission factors. 

We used several criteria to reduce the amount of erroneous data originating from the NEI or to eliminate 
unrepresentative outliers. First, we removed any individual combustion equipment for which emission 
factors for all pollutants appeared to be different from the mean of the same facility type by at least two 
orders of magnitude. Twenty-three pieces of combustion equipment were eliminated as potential 
“outliers” based on this criterion. Secondly, we eliminated some data that were obviously based on input 
of the wrong emission factors. One example was diesel fuel refueling stations for which gasoline emission 
factors were used. Finally, we eliminated some of the data that were more than an order of magnitude 
higher than the mean of the same facility type and in cases in which the facility was an unusually small 
one, such as a 100-MW electric utility plant, as shown in NEI. 

For electric utilities, E-GRID2000 (EPA 2004b) was used to determine the primary fuel type to assign to 
each facility. The E-GRID2000 fuel mix for each power plant needed to have at least 93% of its fuel input 
from a particular fuel type to be included in the grouping. To then estimate emission factors, we separated 
combustion and process sources at electric utilities using SCC criteria and summed the emissions data 
independently. These total emissions for each facility were then divided by the total electricity generated, 
resulting in combustion emission factors and process emission factors for each power plant in g/kWh of 
electricity generated. 

If E-GRID2000 indicated that a particular power plant was a cogeneration facility, we performed 
additional calculations on the emissions and activity data to adjust for only a portion of the fuel inputs 
being used to generate electricity. An electric allocation factor provided in E-GRID2000 for each of the 
cogeneration facilities was used to modify the data. This allocation factor was multiplied by the emissions 
data and the total energy (in kWh) generated for each cogeneration facility. 

V. Results of Emission Factors 

Analyses of the data by ERG (Burklin and Alexander 2002) showed that, for most cases, there were not 
significant differences in emission factors for sources among the different geographic regions. For this 
reason, the data from the three region types were combined to estimate nationwide average emission 
factors. 

Mean and median emission factors for the various point sources, and various other statistics, are provided 
in Tables A-2 through A-4 in Appendix A. Table A-2 shows emission factors for non-utility combustion 
sources. Table A-3 shows emission factors for process sources. Table A-4 shows emission factors for 
electric utility sources. The following sections describe how we used the data in Tables A-2 through A-4 
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to project emissions distributions for 2016 for sources other than electric utilities. Electric utility 
emissions distributions are discussed in a later section. 

VI. Creation of Emission Distributions for Base Year 1999 

GREET utilizes probability-based distributions of emissions with Monte Carlo simulations to estimate 
emissions results with probability distributions. Therefore, it was necessary to fit emission data points 
from individual facilities with distribution functions. To accomplish this, the data from each source type 
were read into Crystal Ball™, a statistical software which, based on the number of data points and scatter 
of the data, attempts to fit a distribution about the data for that source type. In Crystal Ball™, a 
mathematical fit is performed to determine the set of parameters for each set of standard distribution 
functions that best describes the characteristics of the data. The quality or closeness of each fit is judged 
using a Chi-squared test. All distributions were also visually examined for reasonableness. 

VII. Construction of Year 2016 Projected Distribution Functions 
A. Distribution Functions for Non-Utility Combustion Sources 

The previous section described distributions of emission factors based on the analysis of the 1 999 NE1. 
These distributions provided a starting point for our estimate of the distribution of emission factors for the 
year 2016, the target year for our study. In this section, we describe the adjustment of these distributions 
to account for expected changes in emission factors attributable to (1) additional emissions controls that 
will be placed on newly constructed facilities, and (2) modifications to existing facilities. This section 
also describes the method used to establish estimates of emissions factor distributions for processes that 
were not included in the NEI. 

For emissions sources that were included in the NEI, we evaluated — for each pollutant — the expected 
changes in emission distributions to account for additional controls expected to be in place by 2016. As 
part of this process, we examined some of the initiatives underway or being considered, including New 
Source Review Consent Decrees, New Source Performance Standards (NSPS), and the federal 
government’s Clean Skies Initiative. None of these provided us with specific numbers we could use for 
estimating future emission factors. So we assembled a group of experts to make judgments concerning the 
impact of future regulations on the emission factor distributions in 20 1 6. As part of this process, the group 
examined differences in emission factors between air quality attainment and nonattainment areas, past 
changes in emission factors (from EPA historical data), and lowest emission factors (from the NEI data). 
With all of these factors considered, we adjusted the distributions developed from the 1999 NEI to project 
distributions for 2016. 

In making our adjustments, we did not apply one single methodology to all sources and pollutants. 
Instead, we examined each case individually and made appropriate judgments for each source by using 
several different methods. One frequent assumption we used was that controls would be instituted on the 
highest-emitting sources. Thus, we matched the maximum of our distribution to the second- or third- 
highest emission factors in the NEI data. In addition, for pollutants and sources for which additional 
controls were expected, we made sure the mean of the 2016 distribution was significantly below that of 
the current distribution. In some cases, the range of AP-42 factors was factored into the distribution 
decision. 

Following are some examples to illustrate how we established the 2016 distributions for NO x , PMjo, and 
VOC emissions. The examples were selected primarily on the basis of their importance in the overall 
WTT emissions results for the pathways in our WTW study. They also illustrate most of the 
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methodologies we used in developing the distributions. Appendix B provides a brief description of the 
methodologies used for each source and each pollutant. Tables 2-6 and 2-7 summarize distribution 
parameters for fuel combustion and noncombustion processes. 

The first example, for NO x emissions, illustrates one of the common methods we used to adjust the 
distribution to represent the impacts of new controls by 2016. Figure 2-5 shows a cumulative distribution 
plot of NO x emissions for NG boiler combustion sources. The triangles show the NEI data with the 
percentile value of each, computed using Microsoft Excel’s PERCENTRANK function. The line shows 
the distribution adjusted to represent 2016. Assuming that new controls will be implemented for the 
highest-emitting sources, we set the maximum to match that of the 98th percentile data point. The 
minimum was set to match the minimum value in Power Magazine (Schwieger et al. 2002), which 
summarized the emission factors for major U.S. electric power plants. The distribution did a good job of 
matching the remainder of the data and was consistent with the AP-42 range. 

For industrial coal combustion sources, much fewer data were available in the NEI. In addition, as 
illustrated in Figure 2-6, five of the six data points had the same emission factor. These points, at 
274 g/mmBtu, probably represent the use of standard factors rather than measured emissions data. We 
created a distribution with a minimum and a maximum value matching those from Power Magazine 
(Schwieger et al. 2002). In this distribution, the 10th percentile matches the minimum NEI data point, and 
the 90th percentile matches the upper AP-42 value. 

Figure 2-7 shows the distribution we used for NO x emissions from residual oil boiler combustion sources. 
In this case, we set the maximum to just below the highest NEI data point. There was a large group of 
data near the lower AP-42 value that probably represent emission factors rather than measured data. The 
selected distribution assumes reductions in the lower portion of the distribution. 

In developing the distribution curve for PM 1 0 emissions from combustion oil boilers, we compared the 
NEI data for residual oil boilers to that for diesel boilers. As shown in Table A-2 in Appendix A, the 
mean, minimum, and maximum for the residual oil boiler data were lower than those for diesel boilers. In 
our judgment, PMio emissions for residual oil would be generally higher than those for diesel boilers. 
Therefore, to maintain the PMio distribution higher than that of diesel boilers, we simply fit the 
distribution to the existing NEI data, as shown in Figure 2-8. The distribution was also consistent with the 
AP-42 range. 


For NO x emissions from NG-fueled gas turbines, we expected the highest emitters to be subject to stricter 
controls by 2016. As shown in Figure 2-9, we developed a distribution in which the maximum was about 
half of the NEI maximum. We set the minimum of the distribution to be below the controlled AP-42 
factor, to match the lowest data values from the NEI. Compared to the NEI data, the major change was to 
eliminate the highest part of the distribution. 

B. Example Distributions for Process Sources 

In the case of NO x emissions for petroleum refining, we also assumed that luture reductions in NO x 
emissions would occur in the refineries with the higher emission factors. Figure 2-10 compares our 
selected distribution with the NEI data. Note that the distribution we selected closely matches the NEI up 
to about the 40th percentile, but projects that significant controls will be applied to reduce the emissions 
in the upper half of the distribution. We cannot effectively compare this distribution to AP-42 because 
there are many different AP-42 factors for the different refinery processes. 
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Table 2-6 Parameters for Distribution Functions of Criteria Pollutant Emission Factors 
for Fuel Combustion (g/mmBtu of fuel burned) 


Item 

Type of Function 

P10* 

P50* b 

P90* 


NG-fired utility/industrial boilers 


VOCs 

Extreme value 

0.431 

1.557 

2.825 

CO 

Extreme value 

4.392 

16.419 

29.904 

NO x 

Beta 

18.519 

52.890 

102.063 

PMiO 

Gamma 

1.004 

2.776 

5.973 

NG-fired small industrial boilers 





VOCs 

Lognormal 

0.632 

2.417 

4.889 

CO 

Exponential 

2.512 

16 529 

54.908 

NO x 

Beta 

8.889 

33.284 

74.706 

PM 10 

Logistic 

0.697 

2.960 

5.091 

NG-fired large gas turbines, combined-cycle gas turbines. 

and small gas turbines 


VOCs 

Beta 

1.111 

3.173 

6.124 

CO 

Beta 

8.554 

23.144 

40.772 

NO x 

Beta 

36.043 

106.924 

197.651 

PM 10 

Beta 

0.365 

1.078 

2.210 

NG-flred reciprocating engines 





VOCs 

Exponential 

3.512 

23.105 

76.753 

CO 

Exponential 

26.340 

173.287 

575.646 

NO x 

Beta 

178.320 

491.442 

892.459 

PMio 

Extreme value 

3.691 

5.530 

7.710 

Oil-fired utility boilers, industrial boilers, and commercial boilers 



VOCs 

Weibull 

0.299 

1.079 

4.872 

CO 

Extreme value 

13.063 

15.764 

18.966 

NO x 

Normal 

64.745 

150.481 

235.255 

PMio 

Extreme value 

24.747 

44.436 

67.779 

SO x 

Beta 

71.280 

192.864 

339.770 

Diesel-fired industrial boilers and commercial boilers 




VOC 

Extreme value 

0.579 

1.173 

1.878 

CO 

Normal 

12.684 

16.686 

20.688 

NO x 

Beta 

32.576 

70.561 

110.275 

PM 10 

Exponential 

4.214 

27.726 

92.103 

Diesel-fired reciprocating engines 





VOCs 

Beta 

21.609 

76.737 

155.460 

CO 

Beta 

34.249 

93.229 

165.873 

NO x 

Beta 

178.320 

491.442 

892.459 

PMio 

Beta 

15.376 

42.992 

79.993 

Gasoline-fired reciprocating engines 




VOCs 

Beta 

32.414 

115.106 

233.190 

CO 

Beta 

51.374 

139.844 

248.810 

NO x 

Beta 

124.824 

344.009 

624.721 

PM 10 

Beta 

6.150 

17.197 

31.997 

LPG-fired industrial boilers c 





NO x 

Extreme value 

43.211 

71.619 

105.299 
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Table 2-6 (Cont.) 


Hem 

Type of Function 

P10* 

P50 >.b 

P90* 

LPG-fired commercial boilers 0 

NO, 

Extreme value 

56.211 

84.619 

118.299 

Coal-fired Industrial boilers 

VOCs 

Beta 

0.241 

1.540 

4730 

CO 

Beta 

26.763 

72,415 

127.573 

NO x 

Extreme value 

106.515 

155.249 

191.953 

PM, 0 

None 

None 

12.617 

None 

SO, 

Extreme value 

87.707 

98.355 

110.981 


a Here, P10 values mean that there Is a probability of 10% that actual values would be equal to or below 
the P10 values; P50 values mean that there is a probability of 50% that actual values would be equal to 
or below the P50 values; and P90 values mean that there is a probability of 90% that actual values 
would be equal to or below the P90 values. 

b For extreme value, lognormal, logistic, and normal distribution functions, the mean values, instead of 
the P50 values, are presented here. 

c Distribution functions were established only for NO, emissions of LPG-fired industrial and commercial 
boilers. Emissions for other pollutants were point estimates. 


Table 2-7 Parameters for Distribution Functions of Criteria Pollutant Emission Factors for Non- 
Combustion Processes (g/mmBtu of fuel throughput) 



Item 

Type of Function 

P10® 

P50*' b 

P90* 

Petroleum-refinery process emissions for gasoline 0 




VOC 


Beta 

0.542 

2.022 

4.500 

CO 


Beta 

0.271 

1.011 

2.250 

NO, 


Beta 

0.285 

1.120 

2.781 

PM 10 


Beta 

0.114 

0.309 

0.544 

SO, 


Beta 

0.989 

3.769 

8.771 

Petroleum-refinery process emissions for LPG and residual oil c 




VOC 


Beta 

0.493 

1.840 

4.095 

CO 


Beta 

0.247 

0.920 

2.048 

NO, 


Beta 

0.259 

1.019 

2.531 

PM 10 


Beta 

0.104 

0.281 

0.495 

SO, 


Beta 

0.900 

3.430 

7.982 

Petroleum-refinery process emissions for diesel fueP 




VOC 


Beta 

0.526 

1.961 

4.365 

CO 


Beta 

0.263 

0.981 

2.183 

NO, 


Beta 

0.276 

1.086 

2.698 

PM 10 


Beta 

0.111 

0.300 

0.528 

SO, 


Beta 

0.959 

3.626 

8.508 
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Table 2-7 (Cont.) 


Item 

Type of Function 

P10* 

P50 ab 

P90* 

Petroleum-refinery process emissions for crude naphtha* 




voc 

Beta 

0.509 

1.901 

4.230 

CO 

Beta 

0.255 

0.950 

2.115 

NO x 

Beta 

0.268 

1.053 

2,614 

PM 10 

Beta 

0.107 

0.290 

0.511 

so x 

Beta 

0.930 

3.543 

8.245 

VOC from gasoline bulk terminals 

Beta 

2.245 

6.276 

11.678 

VOC from gasoline refueling stations 

Gamma 

2.000 

10.000 

40.000 

VOC from LPG refueling stations 

Gamma 

0.200 

1.000 

4.000 

VOC from diesel bulk terminals 

Extreme value 

0.031 

0.207 

0.316 

VOC from diesel refueling stations 

Beta 

0.314 

0 849 

1.495 

VOC from naphtha bulk terminals 

Beta 

2.245 

6.276 

11.678 

VOC from naphtha refueling stations 

Gamma 

2.000 

10.000 

40 000 

Process-related emissions of NG processing plants 




VOC 

Beta 

1.568 

4.243 

7.475 

CO 

Beta 

0.428 

1.157 

2.039 

NO x 

Beta 

0.363 

1.355 

3.015 

PM 10 

Beta 

0.006 

0.019 

0.0.36 

SO x 

Beta 

2.287 

8.638 

19.722 

H 2 plant process emissions' 1 





VOC 

Beta 

0.861 

1.903 

2.729 

CO 

Beta 

3.883 

9.433 

14.107 

NO x 

Gamma 

9.181 

14.000 

22.274 

PM,o 

Beta 

8.011 

11.836 

14.716 

MeOH plant process emissions" 





VOC 

Beta 

0.904 

1.998 

2.865 

CO 

Beta 

4.077 

9.905 

14.812 

NO x 

Gamma 

9.640 

14.700 

23.387 

PM 10 

Beta 

8412 

12.428 

15.452 

VOCs from MeOH refueling stations 

Gamma 

2.000 

10.000 

40.000 

FT diesel plant process emissions" 





VOC 

Beta 

0.973 

2.150 

3.084 

CO 

Beta 

4.388 

1.066 

15.941 

NO x 

Gamma 

10.375 

15.820 

25.170 

PM 10 

Beta 

9,052 

13.375 

16.629 

Corn EtOH plant process emissions 





VOC 

Beta 

18.579 

26.724 

33.671 

PM 10 

Beta 

4.408 

11.250 

18.092 

Cellulosic EtOH process emissions 





VOC 

Beta 

9.290 

13.369 

16.842 

PM 10 

Beta 

4.408 

11.250 

18.092 
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Table 2-7 (Cont.) 


Item 

Type of Function 

P10" 

P50*b 

P90* 

VOCs from EtOH bulk terminals 

Beta 

2.245 

6.276 

11.678 

VOCs from EtOH refueling stations 

Gamma 

2.000 

10.000 

40.000 

PM 10 emissions of coal mining 

Underground mining 

Beta 

11.120 

30.087 

53.004 

Surface mining 

Beta 

84.110 

227.579 

400.928 


8 Here, P10 values mean that there is a probability of 10% that actual values would be equal to or below the 
P10 values; P50 values mean that there is a probability of 50% that actual values would be equal to or 
below the P50 values; and POO values mean that there is a probability of 90% that actual values would be 
equal to or below the P90 values. 

b For extreme value, lognormal, and normal distribution functions, the mean values, instead of the P50 values, 
are presented here. 

c Distribution functions of criteria pollutant emissions were established for gasoline production in refineries. 
Distribution functions for residual oil, LPG, diesel, and crude naphtha are derived from those for gasoline, 
with adjustment of relative refining energy efficiency between that of gasoline and that of each of the other 
fuels. 

d Distribution functions of criteria pollutant emissions were established for hydrogen production in SMR plants. 
Distribution functions for methanol and FT diesel plants are derived from those for hydrogen plants, with 
adjustment of relative energy efficiency between that of hydrogen and those of methanol and FT diesel. 



j NO x Emissions, g/mmBtu fuel input 

Figure 2-5 NO x Emissions Distribution for NG Boiler Combustion Sources 
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Figure 2-6 NO x Emissions Distribution for Industrial Coal Boiler 
Combustion Sources 



Figure 2-7 NO x Emissions Distribution for Oil Boiler Combustion Sources 
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0 20 40 60 80 100 120 

PMio Emissions, g/mmBtu fuel input 

Figure 2-8 PM 10 Emissions Distribution for Oil Boiler Combustion Sources 



Figure 2-9 NO x Emissions Distribution for NG Turbine Combustion Sources 
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N0 X Emissions, g/mmBtu fuel throughput 


Figure 2-10 NO, Emissions Distribution for Gasoline Refining Processes 

Figure 2-11 shows PMio emission factors for petroleum refinery process emissions. To construct this 
distribution, we set the maximum of our distribution to match that the second-highest data point from the 
NE1 database. This approach, which reflects our assumption that the highest emitters will be subject to 
stricter controls by 2016, resulted in a distribution that had a 50th percentile of about 0.3, which was 
about the mode of the NEI database. 

A similar technique was used for developing the 2016 distribution for VOC emissions associated with 
gasoline refining processes. As shown in Figure 2-12, we set the maximum of the distribution to 
10 g/mmBtu fuel throughput, which was about the 90th percentile of the NEI data distribution. 

In creating the distribution for VOC emissions from gasoline distribution bulk terminals, we assumed that 
the highest-emitting sources would be subject to stricter controls. The distribution and NEI data are 
shown in Figure 2-13. 

An important source of VOCs for the gasoline WTT pathway is evaporative emissions that occur at 
gasoline refueling stations. As shown in Figure 2-14, the data from the NEI were bimodal. One set of data 
under 10 g/mmBtu probably represents stations at which evaporative emissions controls are in place. The 
remaining set of data, at just under 50 g/mmBtu, probably represents uncontrolled emissions. These data 
represent standard emission factors rather than measurements. The distribution we used for this study 
reflects the expectation that by 2016, a much larger fraction of gasoline refueling stations will have 
evaporative emissions controls in place. 

Figure 2-15 shows VOC emission factors for production processes in ethanol plants. For this process, we 
assumed significant reductions from the current NEI data to 2016 production partly to account for a new 
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Figure 2-11 PM 10 Emissions Distribution for Gasoline Refining Processes 



Figure 2-12 VOC Emissions Distribution for Gasoline Refining Processes 
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Figure 2-13 VOC Emissions Distribution for Gasoline Bulk Terminals 



Figure 2-14 VOC Emissions Distribution for Gasoline Refueling Stations 
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VOC Emissions, g/mmBtu fuel throughput 


Figure 2-15 VOC Emissions Distribution for Ethanol Production Processes 

effort, based on a 2002 agreement between EPA and ethanol plant operators, to control VOC emissions. 
Our distribution has a minimum equal to the minimum of the NEI data and a maximum near the three 
highest points of the NEI data. The 50th percentile of the distribution was about 30 g/mmBtu, which is 
near the 30th percentile of the NEI data. 

Similarly, a significant reduction in emission factors was assumed by 2016 for PMio emissions associated 
with the ethanol production process (see Figure 2-16). The maximum of the distribution was set to the 
second-highest point in the NEI data. The minimum was set to near zero. The mean of the 50th percentile 
of the distribution was just over half that of the NEI data. 

The NEI did not include any data for the process of reforming NG into hydrogen. To fill in this gap, we 
solicited data from companies with experience in producing hydrogen from NG. The data we received 
reflected a range of emission factors for plants without controls, and one example emissions factor for a 
site with controls. These data are shown in Figure 2-17. We assumed a distribution with the controlled 
site source data representing about a 20th percentile and a maximum near the lower portion of the range 
of uncontrolled factors. 

Figure 2-18 shows the projected distribution used for PMjo emissions for hydrogen production. The 
PMio emissions factor data we obtained from manufacturers for hydrogen are relatively low compared to 
those for other processes. Therefore, in constructing the distribution for 2016, we did not project 
substantial additional controls over those reported by the manufacturers by 2016. 
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Figure 2-16 PMio Emissions Distribution for Ethanol Production Processes 



Figure 2-17 NO„ Emissions Distribution for Hydrogen Production by NG 
Steam Methane Reforming Process 
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PMio Emissions, g/mmBtufuel thoughput 


Figure 2-18 PM 1( j Emissions Distribution for Hydrogen Production by NG 
Steam Methane Reforming Process 


PMio process emissions from underground coal/lignite mining are shown in Figure 2-19. In developing 
the distribution for our study, we assumed that additional controls would be applied to the higher-emitting 
mine sources. Therefore, we matched the maximum of the distribution to the second-highest NEI data 
point and set the minimum to near zero. 

C. Distribution Functions for Electric Utility Combustion/Process Sources 

Although we did not examine electric vehicles or grid-powered hybrid vehicles in this study, many of the 
WTT processes in our study consume electricity. In addition, electricity is used for hydrogen production 
via electrolysis. In projecting emissions distributions for 2016 electric utility sources, we took a 
somewhat different approach than that taken for other sources in order to take advantage of a recent 
analysis of electric utility emissions by EPA to support its adopted Interstate Air Quality Rule (IAQR) 
(EPA 2004a; see http://www.epa.gov/interstateairquality/basic.html for all documents and data files 
related to the IAQR). According to EPA, the adopted IAQR would reduce emissions of SO 2 and NO* in 
29 eastern states and the District of Columbia in two phases. SO 2 emissions would be reduced by 
3.6 million tons in 2010 (approximately 40% below 2002 levels) and by another 2 million tons per year 
when the rules are fully implemented (approximately 70% below 2002 levels). NO* emissions would be 
cut by 1.5 million tons in 2010 and by 1.8 million tons annually in 2015 (about 65% below 2002 levels). 
Each affected state would be required to revise its state implementation plan to include control measures 
to meet specific statewide emission reduction requirements. 
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Figure 2-19 PM 1 o Emissions for Underground Coal/Lignite Mining Process 

EPA’s analysis supporting the rule (http://www.epa.gov/interstateairquality/rule.html) included current 
electric utility emissions, projected 2015 utility emissions, and projected 2015 utility emissions with 
implementation of the IAQR. EPA’s projected emissions are summarized in Table 2-8. 

In constructing the 2001 and 2015 baseline electric generation utility projections listed in Table 2-8, EPA 
started with 1996 gridded inventories for the Urban Airshed Model (UAM) air quality modeling from the 
NO x State Implementation Plan (SIP) call. The 1996 inventories were converted to 2001 base-case 
emissions by using ratios of 2001 to 1996 emissions by state. The electric utility generation emissions 
were projected to 2010 and 2015 by using EPA’s Integrated Planning Model (1PM), version 2.1.6. IPM 
included the following already-promulgated or state-adopted controls: 

• NO x SIP call, as remanded (excludes controls in Georgia and Missouri), 

• NO x Reasonably Available Control Technology (RACT) controls in 1-h ozone 
nonattainment areas, 

• Incorporation of several state-mandated emission caps and New Source Review 
(NSR) settlements, and 

• Updates to NG and coal supply curves. 

To project the impact of the adopted IAQR, which applies to 28 eastern states and Washington, D.C., 
EPA estimated state-by-state emission reductions using the caps in the adopted rule. The resulting state- 
by-state percent reductions were applied to the detailed emissions of each electricity generation unit. The 
assumed total electric generation activity corresponding to the emissions listed in Table 2-8 was 
2,583 billion kWh for 2001 and 3,350 billion kWh for 2015. On the basis of these activities and the total 
emissions listed in Table 2-8, we calculated projected emission factors, listed in Table 2-9. 
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Table 2-8 Projected Annual Emissions from U.S. Electricity Generation 
(in tons)* 


Year 

VOC 

NO, 

CO 

S0 2 

PMio 

2001 

57,485 

4,824,967 

451,932 

10.714,558 

224,044 

2015 base case 

34,332 

4,008,241 

700,418 

9,222,097 

223,265 

2015 IAQR case 

33,846 

2,304,175 

713,590 

5,401,704 

223,046 


a Information processed from data files presented at http://www.epa.gov/ 
interstateairqualityMjle.html. 


Table 2-9 Projected U.S. Electricity Generation Emission Factors 
(g/kWh) 


Year 

VOC 

NO x 

CO 

so 2 

PM,„ 

2001 

0.0202 

1.6984 

0.1591 

3.7715 

0.0789 

2015 base case 

0.0093 

1.0877 

0.1901 

2.5026 


2015 IAQR case 

0.0092 

0.6253 

0.1937 

1.4660 



For this study, 2016 electric utility emissions distributions were constructed so that U.S.-mix-weighted 
emission factors were consistent with the 2015 base emissions listed in Table 2-9. Furthermore, to 
evaluate the impact of the adopted IAQR on WTW emissions, we developed a set of distributions 
corresponding to the 2015 IAQR emission factors. Two different methodologies were used for 
constructing these distributions. For VOCs, CO, and PMio emissions, we first constructed distributions 
based on the NE1 study described previously. We compared the resulting U.S.-mix-weighted emission 
factors to those listed in Table 2-9 for the 2015 base case. EPA’s 2015 baseline distributions were 38%, 
25%, and 41% lower for VOCs, CO, and PMio, respectively, than those derived from the latest NEI. 
Next, we adjusted the VOC, CO, and PMjo distribution scaling factors to reduce the means for each 
source type by 38%, 25%, and 41%, respectively. The resulting U.S.-mix-weighted emission factors 
matched those in Table 2-10. Properties of these distributions are given in Table 2.10. 

More rigorous distributions were constructed for NO x and SO 2 , because in the documentation supporting 
the IAQR (EPA 2004a; see http://epa.gov/interstateairquality/rule.html for data files), EPA provided 
spreadsheets of projected NO x and SO 2 emissions for each electricity generation unit in 2015. We used 
these projected emissions for each unit to construct NO x and SO 2 distribution curves for each utility type 
in our study. The first step in our analysis was to classify each electricity generation unit according to the 
utility type used in GREET: coal or lignite boiler, oil boiler, NG boiler, NG turbine, NG combined cycle, 
or biofuel. We computed emission factors for each plant, based on the tons of emissions and annual 
electricity output from the EPA analysis, and we averaged these factors for each GREET utility type. To 
check this analysis, we also computed average emission factors for each GREET type by summing the 
tons of NO x or SO 2 within each plant category and dividing by the total GWh for that GREET type. The 
NO x emissions factor results are listed in Table 2-11. 

Table 2-1 1 shows that NO x emission factors are highest for coal boilers, intermediate for NG boilers as 
turbines, and lowest for NG combined cycle. The table also shows that the IAQR regulation primarily 
impacts plants powered by coal boilers. 
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Table 2-10 Parameters for Distribution Functions of Criteria Pollutant Emission Factors for 
Electric Power Plants (g/kWh of electricity generated) 


item 

Type of Function 

P10* 

P50* 

P90» 


Oil-fired utility boilers 


voc 

Extreme value 

0.0093 

0.0416 

0.0623 

CO 

Beta 

0.0842 

0.2150 

0.3458 

NO. 

Extreme value 

0.7795 

1.7158 

2.8259 

PMio 

Beta 

0.0139 

0.0397 

0.0765 

SO K 

Extreme value 

0.7799 

5.6602 

10.6957 

NG-fired utility boilers 

VOC 

Beta 

0.0066 

0.0177 

0.0313 

CO 

Beta 

0.0766 

0.2071 

0.3649 

NO. 

Extreme value 

0.1692 

0.7972 

1.5417 

PM, 0 

Beta 

0.0084 

0.0228 

0.0401 

SO x 

Extreme value 

0.0000 

0.2035 

0.3842 

NG-fired single-cycle and 

VOC 

combined-cycle turbines 

Beta 

0.0138 

0.0386 

0.0718 

CO 

Extreme value 

0.0000 

0.2838 

0 5476 

NO x 

Lognormal 

0.0576 

0.6126 

1.3914 

PMio 

Extreme value 

0.0000 

0.0266 

0.0513 

SO. 

Beta 

0.0139 

00397 

0.0765 

Coal-fired utility boilers 

VOC 

Beta 

0.0050 

0.0135 

0.0238 

CO 

Beta 

0.0979 

0.2500 

0.4021 

NO. 

Extreme value 

1.0197 

1.8387 

2.8097 

PM,o 

Beta 

0.0408 

0.1205 

0.2081 

SO. 

Gamma 

0.8059 

3.0213 

8.0293 


a Here. P10 values mean that there is a probability of 10% that actual values would be equal to or below 
the P10 values; P50 values mean that there is a probability of 50% that actual values would be equal to or 
below the P50 values; and P90 values mean that there is a probability of 90% that actual values would be 
equal to or below the P90 values. 


Table 2-11 Comparison of Two Methods for Calculating Utility NO x 
Emission Factors (g/kWh of electricity generated) 



Mean of Individual 
Plant Emission 
factors 

Based on Total NO. 
and Total Amount of 
Electricity 

Baseline 

IAQR 

Baseline 

IAQR 

Coal boiler 

1.91 

1.40 

1.56 

088 

NG boiler 

0.57 

0.56 

0.43 

0.41 

NG turbine 

0.53 

0.53 

0.42 

0.42 

NG combined cycle 

0.29 

0.29 

0.09 

0.09 


SO 
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Another observation from Table 2-1 1 is that emission factors computed by averaging the emission factors 
for each plant were higher than those computed by summing the mass of emissions from all plants and 
dividing by the total amount of electric energy generated. The cause for the discrepancy was that smaller- 
capacity plants tended to have higher emission factors than larger plants. 

Based on this analysis, it was clear that electric utility plant generation capacity had to be taken into 
account when creating emission factor distributions. Unfortunately, Crystal Ball™ did not have a 
procedure for weighting individual points, so we developed a method to approximate fitting a weighted 
distribution. For each GREET type and for both the baseline and IAQR cases, histograms of emission 
factors were created by using preselected bins. Then, total GWh was computed for each “bin.” This 
method resulted in a histogram table of the total GWh of electricity generated at each emission factor bin 
value. Next, we developed a set of numbers in which each bin value was replicated a number of times 
proportional to the total GWh for each bin. From this set of numbers, we created a GWh-weighted 
distribution consisting of 100-1,000 total points. Finally, Crystal Ball™ was used to fit distributions to 
the total GWh-weighted emission factor data, and the best fit was selected by using the Anderson-Darling 
method. If necessary, the minimum value of the distribution was to set zero to avoid negative emission 
factor predictions The means of these distributions match the means derived by total NO x /total GWh in 
Table 2-11. 

This section provides several examples of electric utility distributions to demonstrate the methodology. 
The first example, Figure 2-20, shows NO x emissions for utility coal boilers for the baseline and IAQR 
assumptions. Each graph in this section has three different curves. The first curve, indicated by diamonds, 
shows a cumulative distribution of emission factors computed on the basis of equal weighting for each 
individual plant. The second curve, indicated by triangles, shows the GWh-weighted distribution for each 
bin, computed as described in the previous section. Finally, the third curve, indicated by a solid line, 
shows the continuous distribution resulting from the Crystal Ball™ fit of the GWh-weighted points. 

As is shown in the left side of Figure 2-20, a distribution created on the basis of individual plants results 
in a higher distribution of emission factors than that based on the GWh-weighted analysis. The left side of 
Figure 2-20 also shows that the distribution used in this study was a good fit of the cumulative 
distribution of weighted emission factors. Both distributions show a long tail of significantly high 
emission factors above the 90th percentile. 

The adopted IAQR rule permits emissions trading among utility sources, so it is not possible to predict 
precisely the utility distributions under the IAQR. Comparing the IAQR to the baseline portion of 
Figure 2-20 illustrates the results of EPA’s analysis. The main reduction in emissions was projected to 
take place in the generating plants with low emission factors. As indicated earlier, these are also the 
largest plants. This results in a discontinuity in the individual-plant distribution that is also seen in the 
weighted distribution. This discontinuity is smoothed out in the Crystal Ball™ fit, as shown by the solid 
line. Comparing the right to the left side of Figure 2-20 shows that the IAQR distribution estimated 
significantly lower NO x emission factors for utility coal boilers. The 50th percentile NO x emissions factor 
was about 1 .5 g/kWh for the baseline and about 0.6 g/kWh for the IAQR. 
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Figure 2-20 NO, Emissions for Utility Coal Boilers 

Figure 2-21 shows baseline and IAQR distributions for SO 2 from utility, coal boilers. As with NO x , the 
results show a small number (~2%) of plants with high SO 2 emission factors. For both the baseline and 
LAQR cases, the distributions used in this study matched up well with the discrete GWh-weighted 
emission factor distributions. The 50th percentile for the baseline was about 3.1 g/kWh, compared to 
about 1 .8 g/kWh for the IAQR case. From the 10th to the 90th percentile, the IAQR distribution for SO 2 
emission factors was significantly lower than that for the baseline. 
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Figure 2-21 SOj Emissions for Utility Coal Boilers 

Figure 2-22 shows distributions for NO, emission factors from utility NG boilers. Again, the importance 
of weighting the distributions according to power generation is shown. EPA’s analysis does not predict 
substantial changes in NO, emissions from NG boilers for the IAQR. The right and left sides of 
Figure 2-22 are nearly identical. Compared to coal boilers, the NG boiler distributions have lower NO, 
emissions across the distribution range. 
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Figure 2-22 NO x Emissions for Utility NG Boilers 

Figure 2-23 shows NO x emission factors distributions for utility NG combined-cycle plants. Of all of the 
examples shown, this figure best illustrates the importance of using the GWh-weighted distributions. The 
IAQR is projected to have little effect on NO x emissions from NG combined cycle. NO x emissions are 
significantly lower than those for NG or coal combustion. 
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Figure 2-23 N0 X Emissions for Utility NG Combined Cycle Turbines 

2.2 Tank-to-Wheels Technology Options and Simulation 
Methodologies 

2.2.1 Tank-to-Wheels Vehicle Propulsion Options 

As in the Phase 1 study, the vehicle modeled in this study was a full-sized pickup truck. We selected a 
truck for two reasons: (1) it is one of GM’s highest-selling vehicle platforms, and (2) because light duty 
trucks are a high-fuel-consumption vehicle platform, any reduction in energy consumption and GHG 
emissions will have a large impact. 

The TTW propulsion systems analyzed in this study are summarized in Table 2-12. All powertrains were 
modeled in both non-hybrid and hybrid architecture. The baseline engine was a port-fuel-injected, 
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Table 2-12 TTW Propulsion Systems and Notation Used in this Report 



TTW Notation Used in Report 

Propulsion System 

Non-Hybrid 

Hybrid Electric 

Gasoline displacement-on-demand spark-ignition 

Gasoline DOD SI CD 

Gasoline DOD SI HEV 

Gasoline direct-injection spark-ignition 

Gasoline DI SI CD 

Gasoline DI SI HEV 

Diesel direct-injection compression-ignition 

Diesel DI Cl CD 

Diesel DI Cl HEV 

E85 flexible-fuel displacement-on-demand spark-ignition 

E85 DOD SI CD 

E85 DOD SI HEV 

CNG displacement-on-demand spark-ignition 

CNG DOD SI CD 

CNG DOD SI HEV a 

Hydrogen dispiacement-on-demand spark-ignition (Bin 5 or 2 NO x ) 

H 2 DOD SI CD® 

H 2 DOD SI HEV 3 

Gasoline/naphtha fuel processor fuel cel! 

Gasoline FP FCV 

Gasoline FP FC HEV 

Methanol fuel processor fuel cell 

MeOH FP FCV 

MeOH FP FC HEV 

Ethanol fuel processor fuel cell 

EtOH FP FCV 

EtOH FP FC HEV 

Gaseous/liquid hydrogen fuel cell 

H 2 FCV 

H 2 FC HEV 


® TTW pathway not included in the Phase 1 study. 


gasoline SI engine with DOD technology. DOD is expected to be in common use in GM trucks in 2010. 
We also modeled this port-fuel-injected SI DOD technology for engines operating on fuel ethanol (E85), 
CNG, and hydrogen. To indicate the potential of advanced SI technology, we modeled a lean-bum DI SI 
engine fueled with gasoline. A DI Cl engine was also modeled; performance on petroleum-derived and 
FT diesel fuels was assumed to be equal. 

For fuel cell propulsion systems, we considered both direct-hydrogen and onboard fuel processing. 
Because the choice of fuel type impacts fuel-processing efficiency, we conducted separate analyses of 
hydrocarbon (gasoline/naphtha), methanol, and ethanol fuel processor FCVs. 

All of the TTW propulsion systems examined in the Phase 1 study were included in the Phase 2 study. 
Propulsion systems added in the Phase 2 study were CNG hybrid, hydrogen ICE, and hydrogen ICE 
hybrid. 

2.2.2 Tank-to-Wheels Vehicle Propulsion System Simulations 

Phase 1 of the GM North American study (GM et al. 2001) encompassed powertrain technologies 
targeted for the 2010 timeframe. The study did not include a complete set of conventional powertrain 
technologies already being considered for production or others that are still in the R&D phase. During the 
Phase 2 study, the list of technologies and performance maps were updated for application to 2010 model- 
year (MY) production. As in the Phase 1 study, analysis of fuel economy and emissions was based on 
maintaining equal performance attributes for vehicles equipped with the various propulsion systems. 
Although cold-start conditions and criteria pollutants were not specifically modeled because of a lack of 
data for all technologies, the analysis approach assumed that these technologies would be compliant with 
EPA emission standards by including penalties for the aftertreatment systems. 

Emissions targets for criteria pollutants for all vehicle concepts, which were based on EPA’s Tier 2 
standards, are discussed in detail in Section 2.2.2A. Cost and packaging issues were not addressed 
because of the uncertainties surrounding the fuel cell and fuel reformer technologies. Further 
breakthroughs in the areas of fuel processor dynamics and start-/warm-up for the fuel processor system 
would be needed. 
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The analysis was based on high-integrity component characteristics data obtained from experts working 
on these advanced technologies throughout GM. The predictions based on these data were reviewed by 
their technology owners, ensuring agreement with corporate forecasts, market requirements, and customer 
expectations for performance and environmental friendliness. The tradeoffs among performance, fuel 
consumption, and emissions were treated in a consistent manner for all concepts to allow for robust fuel 
economy and energy consumption comparisons. 

2.2.2.1 Vehicle Simulation Approach 

The analysis was carried out by using a validated GM proprietary modeling tool, the Hybrid Powertrain 
Simulation Program (HPSP), which uses the reverse-driven simulation approach illustrated in 
Figure 2-24. Simulation was initiated by the instantaneous road-load requirement of vehicle speed and 
acceleration as a function of time, as specified by the driving cycle. 


Eng 

Accessory 


Launch 

Device 

Model 




T„, (engine torque) 
(engine speed) 


Transmission 

Model 






Road Load 
Known 


Figure 2-24 Reverse Analysis for Vehicle Duty-Cycle Simulation 

All components and subsystems are represented by empirical, quasi-steady-state models and use 
efficiency maps, loss data, and system-specific parameters (e.g., inertias and ratios) as inputs. These 
torques and speeds are tracked backwards from the road-load requirement through all the driveline 
components, allowing researchers to eventually determine the engine torque and speed operating region 
requirements. The input torque and the speed of each component are calculated as a function of the given 
output torque and speed, and all torque, speed, and acceleration (inertia)-dependent losses within the 
component are accounted for in the process. In a similar manner, the electrical input current and voltage 
requirements are determined from the torque, speed, and acceleration requirements of the electrical 
components, including their electrical and mechanical losses. At the end of each time step, the torques 
and speeds are used to determine the energy consumed in each component. HPSP implements the torque 
and speed approach, rather than the power-requirement-based analysis. The torque and speed approach 
allows input of detailed component performance maps, providing more accurate predictions, especially at 
low-load and low-speed conditions. 


55 





187 


This simulation approach is ideal for following a duty cycle to determine the engine operating regions 
under optimum controls of the powertrain or based on specified control and energy management 
strategies. It is also applicable for a maximum or wide open throttle (WOT) performance analysis to 
predict maximum vehicle acceleration. For this type of simulation, an iterative solution is required for the 
reverse-analysis approach, as shown in Figure 2-25. 


In this case, the algorithm is driven by a seed value for the vehicle acceleration, AccTrial , to determine 
the road load and the same analysis tracking torque and power demands from component to component 
until the engine operating point is determined. If the engine can provide the torque required, this 
acceleration value is increased in an iterative procedure until the engine operating limits and the user- 
specified convergence criteria are met. 
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Figure 2-25 Reverse Analysis for Maximum Performance Simulation 

In contrast to the reverse-driven approach, the forward-driven analysis performs the simulation from the 
engine throttle position input, following the energy and power flow through the driveline to the tire patch 
while calculating vehicle velocity and acceleration. With the forward-driven approach, a driving cycle is 
negotiated by a driver model, which adjusts the engine output to match the duty-cycle vehicle speed 
requirement. This approach is appropriate to simulate the dynamic behavior of the vehicle and driveline 
components, identify transients, and analyze responses to powertrain control systems. 

In summary, the reverse-driven simulation approach is well suited for the following applications: 

• Predicting fuel economy on a prescribed duty cycle, 

• Predicting vehicle performance, 

• Employing quasi-steady-state empirical models for the system components, 

• Determining component sizes and energy management strategies, and 
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• Sizing components and designing energy management strategies within an 
optimization loop. 

In order to implement an optimization methodology, as mentioned in the last bullet above (for the purpose 
of changing vehicle design parameters to maximize fuel economy while meeting performance 
requirements), a numerical algorithm had to be identified and tailored to the problems at hand. This 
algorithm had to provide a global solution, deal with nonlinear and discontinuous functions, use 
derivative-free methods, and converge in as few as possible function calls. A number of algorithms were 
evaluated (Fellini 1998; Fellini et al. 1999; Fellini et al. 2000; Sasena 1998; Weber 2003; Wurster et al. 
2004), and the DIRECT method was found to be most appropriate for this application. This method was 
consistently used to size the components and determine the control system parameters for the hybrid 
vehicle systems. 

In addition to fuel economy and performance, we calculated vehicle efficiency for each of the propulsion 
systems. The term “efficiency” is defined in Figure 2-26. 


Fuel 
For Total 


Energy ©Wheels 
Positive Part of Cycle 

Energy @ Wheels^ 

Fuel Energy ln M 

where V is the vehicle velocity and the Fuel Energy In/oi includes all powertrain losses and the accessory loads on the engine. 

Figure 2-26 Definition of Vehicle Efficiency 
2.2.2.2 Vehicle Performance Criteria 

The spider chart in Figure 2-27 presents the performance requirements imposed on each vehicle 
propulsion system designed and evaluated in this study. These requirements were based on current 
gasoline ICE-equipped vehicles and customer performance expectations for future powertrains. A 7.5-mi 
zero emission vehicle (ZEV) range (based on the urban driving cycle) was imposed on the hybrid 
vehicles, assuming that the vehicles could be driven in inner cities without using an engine. 
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Vehicle Acceleration 
0-60 mph (s) 



Figure 2-27 Minimum Vehicle Performance Requirements 

The power sources for each propulsion system were sized in terms of their power, speed, and torque 
capacities to meet the performance criteria shown in Figure 2-27. The component characteristics also play 
a crucial role in meeting the criteria shown on the chart. For example, the maximum vehicle acceleration 
(5 m/s/s) to be reached within 1 s is a strong function of the torque delivered to the wheels, while the top 
vehicle speed and the acceleration time are dominated by the power capacity and mechanical gearing 
available in the driveline. Furthermore, the requirement for continuous performance at top vehicle speed 
precludes engine downsizing, which significantly impacts the fuel economy potential of hybrid vehicles. 

The vehicle mass for each concept was adjusted to correct for added or eliminated components. In cases 
for which such data were not readily available, target component and subsystem mass data were used. The 
energy management and control strategies were subsequently developed to yield the lowest fuel 
consumption on the driving cycle and to take advantage of the inherent benefits of the particular 
powertrain architecture without compromising drive quality. These stringent performance requirements 
were imposed on the basis of our assumption of mass production of these vehicles rather than niche 
market applications. 

In the absence of such a rigorous approach of including all the performance metrics, researchers could 
obtain significantly different results and large discrepancies in the quantified potential gains. 

2 . 2.23 Propulsion System Architecture 

The vehicle platform (full-sized truck) selected for the analysis and 
simulation of the propulsion systems remained unchanged from the 
Phase 1 study (GM et al. 2001) (see photo). The powertrain technology 
projected to the 2010 timeframe incorporated the displacement on 
demand (DOD) engine technology that is mature for high-volume 
application, as well as assumed improvements in driveline efficiency. 



58 


190 


The DOD engine technology allows an eight-cylinder engine to run on four cylinders whenever the 
driver’s power demands can be met using only four cylinders. 

All powertrain technologies were characterized by means of component maps based on measured test data 
and/or realizable targets for efficiency and performance. The assumptions were geared toward 
maintaining consistency in the efficiency maps and mass when scaling the components for comparison of 
the technologies. Advanced control strategies with emission considerations such as engine-specific fuel 
shut-off strategies were implemented with appropriate constraints on vehicle driveability. 

2.2.23.1 Conventional Drive or Non-Hybrid Vehicles 

The non-hybrid (NH) or conventional drive (CD) powertrains shown in Figure 2-28 consist of an ICE 
with an automatic torque converter transmission and a standard accessory package, including devices 
such as power steering and an alternator load. The transmission was shifted to maintain engine response 
and avoid shift busyness, and the torque converter clutch was engaged at vehicle speeds to maintain drive 
quality. 



Torque Converter 


Figure 2-28 Conventional Drive or Non-Hybrid Powertrain Architecture 

2.2.23.2 Hybrid Electric Vehicles 

The hybrid concepts considered in the Phase 2 study were strong-parallel-type architectures that employ 
advanced electric drives and nickel metal hydride (NiMH) batteries. Strong HEVs, in contrast to mild 
HEVs, implement higher voltage and higher-power electric components, providing drivers with the ability 
to launch and drive in the electric mode at low to moderate vehicle speeds. 

The Input Power Assist parallel HEV, shown in Figure 2-29 with the electric drive connected at the input 
to the transmission, was chosen for this study because it represents a hybrid option with the least 
deviation from the conventional powertrain. As indicated in Section 2.2.2.2, the battery was sized to meet 
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Figure 2-29 Parallel HEV Architecture 

the 7.5-mi ZEV range, the electric motor was sized to follow the duty-cycle torque and power demands, 
and a full-size engine was incorporated to meet the sustained top vehicle speed of 1 10 mph. 

The input data for the ICE and transmission were the same as those for the CD concepts. The electric 
motors and NiMH batteries represent the latest technology-level components, as used in the Precept 
vehicle that GM developed for the Partnership for a New Generation of Vehicles (PNGV). 

The vehicle mass for each HEV concept was adjusted according to the component sizes. Other details, 
such as charging and discharging efficiency, engine restarting fuel penalty, and accessory loads, were also 
included to ensure accurate fuel consumption predictions. 

Another significant impact on vehicle fuel consumption is the energy management strategy for controlling 
the powertrain while the vehicle negotiates the driving cycle. A charge-sustaining (CS) strategy, which 
assures that the battery state-of-charge (SOC) is returned to its initial state at the end of a driving cycle, 
was assumed for all HEVs. These control strategies also incorporate constraints on engine and motor 
operation, switching between operating modes, engine ramping rates, and hysteresis effects to avoid 
transmission shift and engine cycling busyness. The engine operating region was constrained to meet 
certain criteria for driveability, pleasability, performance, and emissions. 

The engine was always turned off at standstill (idle), and the battery was used to launch the vehicle to 
about 20 mph. At high acceleration demands, the battery launch was cancelled, and the engine and battery 
were used together to drive the vehicle. To maximize engine efficiency, a load-following control strategy 
was implemented, and during deceleration or braking periods, the engine was shut off and disconnected 
from the transmission for maximum recovery of braking energy. At vehicle speeds above 44 mph, the 
engine remained connected to assure drive quality and performance response. 
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2.2.2.33 Fuel Cell and Fuel Processor Systems 

The diagram shown in Figure 2-30 presents the mode! developed to simulate the fuel processor fuel cell 
systems. This model addresses the various fuel-based reformer systems, as well as the onboard hydrogen 
storage fuel celt systems with reformers, characterized by their efficiency and power delivery maps. A 
two-speed gearbox was incorporated between the motor and the final drive to meet the peak acceleration 
requirement. 

The intention of the two-speed gearbox is to provide an underdrive ratio to be used only when maximum 
vehicle performance is required and in the direct-drive mode during normal duty-cycle operation for fuel 
economy prediction. This two-speed gearbox is characterized in a manner similar to that used for a 
conventional transmission in the simulation model. 


Battery 




Figure 2-30 Fuel Cell/Fuel Processor Powertrain Architecture 

Representative efficiency maps for all electric drive components were scaled to meet the vehicle 
performance requirements to maintain consistency with the other technologies. 

2.2.23.4 Fuel CeU and Fuel Processor Hybrids 

For completeness and in order to tap the potential regeneration capability of the electric drives in these 
concepts, we also assessed the hybridized architectures shown in Figure 2-31. 

We determined that the best overall energy management strategy for these concepts was one that would 
minimize the use of the fuel cell to recharge the battery. Turning the fuel cell system off at standstill and 
at low power and transferring the accessory loads to the battery at high power allowed the fuel cell system 
to operate at near-optimum efficiency for most of the cycle without incurring excessive battery and motor 
losses. 

In the case of the onboard hydrogen FCVs, the battery size criterion was not relevant because the FCV is 
already a ZEV. However, a system optimization in which the overall load is shared between the battery 
and the fuel cell system yielded further improvements in fuel economy. 
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Battery 



Figure 2-31 Fuel Cell/Fuel Processor HEV Architecture 
2.2.2.4 Estimation of Vehicle Criteria Emissions Factors 

Tier 2 standards for passenger cars and LDTs up to 8,500 lb GVW were adopted by EPA in 2001 
(EPA 2000). These regulations phase in from 2004 through 2009. The Tier 2 standards established a 
number of “bins,” with separate ftill-useful-life emission standards, as shown in Table 2-13. The 
regulations also established a fleet-average NO x standard of 0.07 g/mi, which will gradually be phased in 
from 2004 to 2009. The fleet-average requirement allows manufacturers to design different vehicles to fit 
different emission standard bins, as long as the sales-Weighted average NO x emissions meet the average 
NO* standards. The average NO x level coincides with the “Bin 5” NO x emission standard. EPA 
anticipated that, in the early years of the program, some heavier LDTs and sport utility vehicles (SUVs) 
would be certified to the higher emission bins, while lighter passenger cars would be certified to the lower 
bins. When the 0.07 NO x average is fully phased in (2009), however, very few vehicle models (especially 
top-selling models) can be certified to the higher bins, because a fleet having a significant fraction of its 
vehicles in the higher bins would not meet the 0.07 g/mi. NO x average standard. In implementing the 
Tier 2 emission standards, EPA also lowered the evaporative emission standards. The evaporative 
standard for a heavy light-duty truck (EPA’s light-duty truck 3 class) under the Tier 2 requirements is 
0.95 g/test, which includes a 3-day diurnal test and a hot soak test. 

California also established stringent emissions standards for light-duty vehicles and trucks in its LEV II 
regulations (California Air Resources Board 1999). The various LEV categories are: low-emission 
vehicles (LEVs), ultra-low emission vehicles (ULEVs), and super ultra low emission vehicles (SULEVs). 
These emission categories overlap with the Tier 2 bins, as shown in Table 2-13. 

2.2.2.4.1 Assumed Tier 2 Bin Standards for Vehicle Propulsion Systems 

For the TTW portion of the study, emissions standards were selected for the various propulsion types to 
simulate the on-road emissions performance of different vehicle technologies, so that on-road emissions 
could be evaluated for WTW emission analysis. Table 2-14 shows the emission standards that were 
assumed for the various propulsion systems. 
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Table 2*13 Tier 2 Full-Useful-Life Exhaust Emission Standards (g/mi) 


Bin 

NO, 

NMOG* 

CO 

HCHO* 

PM 

Equivalent California 
LEV If NO* Standard 

8 

0.20 

0.125 

4.2 

0.018 

0.02 

None 

7 

0.15 

0.090 

4.2 

0.018 

0.02 

None 

6 

0.10 

0.090 

4.2 

0.018 

0.01 

None 

5 

0.07 

0.090 

4.2 

0.018 

0.01 

LEV 

4 

0.04 

0.070 

2.1 

0.011 

0.01 

ULEV 

3 

0.03 

0.055 

2.1 

0.011 

0.01 

None 

2 

0.02 

0.010 

2.1 

0.004 

0.01 

SULEV 

1 

0.00 

0.000 

0.0 

0.000 

0.00 

ZEV 


3 NMOG = non-methane organic gas; HCHO = formaldehyde. 


Table 2-14 Emission Standards Assumed for Hybrid and Non-Hybrid Propulsion Systems 


Propulsion System 

Tier 2 Exhaust Emissions Bin 

Evaporative 

Tire and Brake 
Wear 


VOC and CO 

NO, 

PM 

VOC 

PM 

Gasoline DOD SI engine 

Bin 5 

Bin 5 

Bin 5 

Tier 2 Evap 

Bin 5/2/1 

Gasoline Dl SI engine 

Bin 5 

Bin 5 

Bin 5 

Tier 2 Evap 

Bin 5/2/1 

Diesel Dl Cl engine 

Bin 5 

Bin 5 

Bin 5 

Zero 

Bin 5/2/1 

E85 flexible-fuel DOD SI engine 

Bin 5 

Bin 5 

Bin 5 

Tier 2 Evap 

Bin 5/2/1 

CNG DOD SI engine 

Bin 5 

Bin 5 

Bin 5 

Zero 

Bin 5/2/1 

Hydrogen DOD SI engine 

Bin 2 

Bin 5/2 

Bin 2 

Zero 

Bin 5/2/1 

Gasoline/naphtha FP fuel cell 

Bin 2 

Bin 2 

Bin 2 

Tier 2 Evap 

Bin 5/2/1 

Methanol FP fuel cell 

Bin 2 

Bin 2 

Bin 2 

Tier 2 Evap 

Bin 5/2/1 

Ethanol FP fuel cell 

Bin 2 

Bin 2 

Bin 2 

Tier 2 Evap 

Bin 5/2/1 

Hydrogen fuel cell 

Bin 1 

Bin 1 

Binl 

Zero 

Bin 5/2/1 


Bin 5 (LEV) was selected for all exhaust emissions for the gasoline SI systems because Bin 5 matches the 
average Tier 2 NO* emission standard. As indicated above, we maintained comparable vehicle 
performance requirements for all propulsion systems; therefore, standards for all of the propulsion 
systems were required to be at Bin 5 or lower. Meeting Bin 5 NO x and PM standards will be most 
challenging for the diesel propulsion system. On the other hand, diesel vehicles have the advantage of not 
having evaporative VOC emissions. 

Some propulsion systems have inherent emissions advantages compared with the baseline gasoline 
system. For example, the engine-out emissions of hybrid systems tend to be somewhat lower because 
engine-out emissions tend to scale with fuel consumption. However, this advantage is offset by the need 
for more frequent starts, so all hybrid systems were assumed to meet the same standards as their 
conventional drive counterparts. Besides generating zero evaporative VOC emissions, CNG may also 
have other inherent emissions advantages relative to gasoline, but we also assumed Bin 5 for CNG, 
reasoning that the advantage of CNG will be smaller at the very low Tier 2 standards and can be offset by 
using a less costly aftertreatment system. 
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The hydrogen SI engine will inherently have substantially lower VOC, CO, and PM emissions than the 
gasoline SI engine, because hydrogen fixel does not contain carbon. Because of lubricant combustion, 
however, VOC, CO, and PM emissions will not be zero, so we assumed Bin 2. For production of a full- 
size truck fleet, which is the basis of this study, it is appropriate to assume a less-costly Bin 5 NO x 
emissions system for hydrogen SI vehicles. NO x emissions can be quite low when hydrogen SI engines 
are operated under lean conditions and at low loads, but they are similar to gasoline NO x emissions when 
the engine is operated near peak power (Natkin et al. 2003). Emission control systems are available to 
allow full certification of hydrogen SI engines at the Bin 2 level. Automobile makers might use this 
strategy to sell hydrogen SI engines in a niche application and to earn partial ZEV credits in California. 
For this reason, we established another case in which hydrogen SI engines meet the Bin 2 NO x standard. 
Hydrogen internal combustion-engine-powered vehicles do not have evaporative VOC emissions. 

The fuel processor fuel cell systems will produce emissions that are inherently lower than those of an ICE 
vehicle, but these emissions would not be zero. Bin 2 exhaust emissions were assumed for these fuel 
processor systems. The hydrogen fuel cell system will not emit any of the regulated pollutants, so Bin 1 
(ZEV) exhaust emissions were assumed. 

All of the propulsion systems using volatile liquid fuels (gasoline, methanol, and ethanol) were assumed 
to meet the Tier 2 evaporative standard. All other vehicles (hydrogen, CNG, and diesel) are assumed to 
have zero evaporative emissions. 

Table 2-14 also lists assumptions for PM emissions caused by brake and tire wear. Such wear is 
independent of the certification emissions bin and of the propulsion system technology. We have shown 
this in Table 2-14 by indicating Bin 5/2/1 for tire and brake wear-related PM emissions for all vehicles. 
One could argue that PM emissions caused by brake wear could be reduced by using hybrid 
configurations because of braking energy recovery or that emissions caused by tire wear could be affected 
by changes in vehicle weight. However, we expect that such changes in PM emissions caused by brake 
and tire wear would be small. 

2. 2. 2. 4. 2 On-Road Vehicle Emission Modeling 

On-road emissions (VOC, CO, NO x , and PMio) for Bin 5 and Bin 2 vehicles were estimated by using 
both the MOBILE6.2 model (EPA 2003) and the EMFAC2002 model (CARB 2004). The modeling of 
emissions in this study could have been performed by using only one of the models, but the two available 
models produce quite different results for the same vehicle technology. Choosing only one of the models 
to make these estimates would have required an arbitrary decision. Further discussion of the models and 
methods used is provided below. 

MOBILE6.2 allows the user to input Tier 2 bin phase-in fractions. The Tier 2 bin fractions were set to 
either 100% Bin 5 (LEVs) or 100% Bin 2 (SULEVs) for light-duty truck class 3 vehicles. Our WTW 
study is based on the lifetime emissions of a 2010-MY truck. The TTW emissions analysis was run 
assuming calendar year (CY) 2016 — the lifetime mileage midpoint of a 2010-MY truck. In 2016, the 
model indicates that 2010-MY LDTs will have accumulated about 85,000 mi. Exhaust PMio, brake wear 
PMio, and tire wear PMio were also evaluated by using MOBILE6.2. The modeling effort assumed an 
onboard diagnostic (OBD) system, an inspection and maintenance (I&M) program, reformulated gasoline, 
a fuel Reid vapor pressure (RPV) of 6.8 psi, and diurnal temperatures of 72°F to 92°F. 
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For EMFAC, the technology fractions were again set to either 100% LEVs or 100% SULEVs, and the 
model was run in 2016 for the South Coast Air Basin to simulate the mid-point emissions performance of 
a 2010-MY vehicle. 

Modeling results for VOCs, CO, and NO x are listed in Table 2-15. Emission rates (in g/mi) generated by 
the MOBILE6.2 model for both Bin 5 and Bin 2 vehicles are much higher than those generated by 
EMFAC. EMFAC emission rates for exhaust VOCs, CO, and NO, are typically less than 20% of the 
MOBILE6.2 emission rates. Evaporative VOC rates for EMFAC are about 50% of the MOB1LE6 
emission rates. Although there is a difference in CO standards between Bin 2 and SULEV (the Bin 2 CO 
standard is 2. 1 g/mi; the SULEVII standard is 1 .0 g/mi), we do not believe that this is the primary reason 
for the difference in the modeled CO emissions. 

There are many differences between the two models that may cause the differences in simulated 
emissions: 


• Mileage accumulation rates, 

• Registration distributions, 

• Speed correction factors and in-use speed distributions, 

• Methods for calculating deterioration emission rates and the effects of I/M programs 
and OBD systems on in-use emissions, and 

• Fuel correction factors. 

While all of these factors would contribute to differences in the two models, it is our view that the major 
difference between the model predictions for these vehicles is attributable to different assumptions 
concerning the emission deterioration of these vehicles over the life of vehicles. 

Table 2-16 shows PMio emission factors from both models. In this comparison, the EMFAC PM;o 
exhaust emission rates arc higher than those generated by MOBILE6.2, EMFAC brake wear emissions 
are lower, and tire wear emissions from the two models are about the same. Overall, EMFAC PM 
emission rates for both Bin 5 and Bin 2 vehicles are 75% higher than MOBILE6.2 rates. This is because 
the EMFAC model incorporates a modest amount of deterioration in exhaust PM, whereas the 
MOBILE6.2 model assumes that there is no deterioration in exhaust PM for gasoline vehicles. Although 
Bin 1 was not modeled, Table 2-16 shows our PM assumptions for Bin 1 — zero PM exhaust emissions 
but brake and tire PM emissions equal to those of Bin 5 and Bin 2. 


Table 2-15 Emission Results of 2010-MY Bin 5 and Bin 2 Light-Duty Truck 3 Vehicles 
in CY 2016 Generated by MOBILE6.2 and EMFAC2002 (in g/ml) 


Technology 

Model 

Exhaust VOC 

Evaporative 

VOC 

CO 

NO, 

Bin 5 

EMFAC (LEV) 

0.0339 

0.0590 

1.278 

0.068 

MOBILE6.2 

0.2263 

0.1187 

9.226 

0.353 

Bin 2 

EMFAC (SULEV) 

0.0085 

0.0590 

0.474 

0.034 

MOBILE6.2 

0.1439 

0.1187 

6.168 

0.294 
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Table 2-16 PMio Emissions of 2010-MY Bin 5 and Bin 2 Gasoline Light-Duty Truck 3 
Vehicles in CY 2016 Generated by MOBILE6.2 and EMFAC2002 (g/mi) 





Brake Wear 



Technology 

Model 

Exhaust PMio 

PM 10 

Tire Wear PM 10 

Total PM 10 

Bin 5 (LEV) 

EMFAC 

0.0254 

0.0085 

0.0085 

0.0424 

MOBILE6.2 

. 0.0037 

0.0125 

0.0080 

0.0242 

Bin 2 (SULEV) 

EMFAC 

MOBILE6.2 

0.0254 

0.0037 

0.0085 

0.0125 

0.0085 

0.0080 

0.0424 

0.0242 

Bin 1 (ZEV) 

EMFAC 

0.0000 

0.0085 

0.0085 

0.0170 

MOBILE6.2 

0.0000 

0.0125 

0.0080 

0.0205 


2.2. 2. 4.3 Establishment of Emission Distribution Functions with MOBILE and EMFAC Results 

By using the on-road vehicular emissions generated by MOBILE6.2 and EMFAC, we developed 
probability distribution functions for each pollutant and vehicle technology. The distributions were based 
on emission levels estimated with MOBILE6.2 and EMFAC, future trends of on-road vehicle emission 
performance, the type of emission control systems installed, efforts to control on-road emissions (such as 
implementation of the I&M programs and the OBD II systems), and durability requirements for emission 
controls, among other factors. 

We developed the distribution functions for TTW emissions using the gamma function and Crystal Ball™ 
software. In all cases, except for PMjo exhaust emissions, we used EMFAC-estimated emission values as 
P10 values (10% probability that emissions will be below this value) and MOBILE6.2-estimated values 
as P90 values (90% probability that emissions will be below this value). MOB1LE6.2 estimates are based 
on an in-use deterioration rate that, in our judgment, is too high for the bulk of the population of future 
vehicles, which will all be equipped with sophisticated OBD systems. We believe that the emission 
performance of future vehicles will be closer to EMFAC-estimated values than to MOBILE-estimated 
values. Thus, we assigned P50 values (50% probability that emissions will be below this value) closer to 
P10 values. On the basis of these assumptions, we used the Crystal Ball™ software to develop probability 
distribution functions in Microsoft Excel. The functions we developed were eventually used in our WTW 
emissions simulations. An example distribution for TTW propulsion systems meeting Bin 5 NO x 
emissions is shown in Figure 2-32. 

Refueling emissions were also added to the evaporative emission rates. Refueling emissions are not 
estimated in EMFAC (they are considered part of the area source inventory), but they are estimated in 
MOBILE6.2. All vehicles would have onboard refueling vapor recovery (ORVR) systems; MOBILE6.2 
estimates refueling emissions from vehicles equipped with ORVR systems at 0.02 g/mi. The refueling 
estimate of 0.02 g/mi was therefore added to the evaporative emissions. Table 2-17 shows the parameters 
for gamma distribution functions we established for vehicular emissions for all emission components. 


66 



198 


Cumuiativ* 

Distribution 



Figure 2-32 Emissions Distribution Function for Bin 5 Vehicle NO, 
Emissions 


Table 2-17 Parameters of Vehicular Emission Distributions Based on Gamma Distribution 
Function 


Emissions (g/ml) 


Vehicle Type and Pollutant 


P10 P50 P90 


Gasoline DOD SI CD, Gasoline SI Dl CD, E85 DOD SI CD, Gasoline DOD SI HEV, Gasoline SI Dl HEV, and 
E85 DOD SI HEV (Bin 5) 


Exhaust VOC 

0.0339 

0.0950 

0.2283 

Evaporative and refueling VOCs 

0.0590 

0.0790 

0.1187 

Exhaust CO 

1.2778 

3.9000 

9.2262 

Exhaust NO, 

0.0677 

0.1540 

0.3534 

Exhaust PM 10 

0.0037 

0.0104 

0.0254 

Brake and tire wear PM 10 a 

Not available 

0.0188 

Not available 

Diesel Cl Dl CD, CNG DOD SI CD, Diesel Cl Dl HEV, and CNG DOD SI HEV (Bin 5) 


Exhaust VOC 

0.0339 

0.0950 

0.2283 

Evaporative and refueling VOCs 

Not needed 

0.0000 

Not needed 

Exhaust CO 

1.2778 

3.9000 

9.2262 

Exhaust NO, 

0.0677 

0.1540 

0.3534 

Exhaust PM 10 

0.0037 

0.0104 

0.0254 

Brake and tire wear PM, 0 a 

Not available 

0.0188 

Not available 
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Table 2-17 (Cont.) 




Emissions (g/rni) 


Vehicle Type and Pollutant 

P10 

P50 

P90 

H 2 DOD SI CD and HEV (Bin 5/6102)“ 

Exhaust VOC 

0.0085 

0.0654 

0.1439 

Evaporative and refueling VOCs 

Not needed 

0.0000 

Not needed 

Exhaust CO 

0,4739 

2.3000 

6.1685 

Exhaust N0 X 

0,0677/0.0339 

0.1540/0.1100 

0.3534/0.2936 

Exhaust PM 10 

0.0037 

0.0104 

0.0254 

Brake and tire wear PM 10 a 

Not available 

0.0188 

Not available 

Gasoline, Methanol, and Ethand FCV (Bin 2) 

Exhaust VOC 

0.0085 

0.0654 

0.1439 

Evaporative and refueling VOCs 

0.0590 

0.0790 

0.1187 

Exhaust CO 

0.4739 

2.3000 

6.1685 

Exhaust NO x 

0.0339 

0.1100 

0.2936 

Exhaust PM 10 

0.0037 

0.0104 

0.0254 

Brake and tire wear PMi 0 a 

Not available 

0.0188 

Not available 

H 2 FCV (Bin 1) 

Exhaust VOC 

Not needed 

0.0000 

Not needed 

Evaporative and refueling VOCs 

Not needed 

0.0000 

Not needed 

Exhaust CO 

Not needed 

0.0000 

Not needed 

Exhaust NO, 

Not needed 

0.0000 

Not needed 

Exhaust PM 10 

Not needed 

0.0000 

Not needed 

Brake and tire wear PM 10 a 

Not needed 

0.0188 

Not needed 


3 For brake and tire wear PM 10 emissions, no distribution function was established. Instead, the P50 value 
(point estimate) was used in our simulations. 

b For H 2 SI DOD CD and HEV, besides the case that they meet Bin 5 NO x standard, another case that they 
meet Bin 2 NO x standard was simulated in our study. 

2. 2. 2. 4. 4 Non-CO 2 GHG Emissions Factors 

The models used for TTW criteria pollutant emissions, MOBILE and EMFAC, do not include the non- 
CO 2 GHG emissions of CH 4 and N 2 O. Therefore, we estimated these as point estimates based on 
available data. Table 2-18 lists the factors used in this study. The factors for CH 4 were based on available 
GM vehicle emissions testing data for gasoline, diesel, E85, and CNG. The N 2 O factors were based on an 
EPA publication (Michaels 1998) and previous versions of GREET. 

2.3 Well-to-Wheels Vehicle/Fuel Systems 

One hundred twenty-four WTW pathways were analyzed in this study, representing nearly all potential 
combinations of WTT fuel pathways and TTW vehicle propulsion systems. These included 47 different 
fuel pathway/powertrain combinations, 45 of which were analyzed with both non-hybrid and hybrid 
architectures. Ten pathways use crude-oil-derived fuels in ICEs and fuel processor fuel cell propulsion 
systems. Twenty-six pathways involved NA NG; 32 were based on NNA NG. Eight pathways were, based 
on biofuels and 49 on electrolysis-derived hydrogen. The pathways and notations used are listed in 
Table 2-19. 
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Tabie 2-18 Assumed Vehicular Emissions Factors for CH 4 
and N z O 



Emissions, g/mi 

Vehicle Type 

ch 4 

n 2 o 

Gasoline DOD Si CD and HEV 

0.0068 

0.0280 

Gasoline Dl SI CD and HEV 

0.0068 

0.0280 

Diesel Dl Cl CD and HEV 

0.0068 

0.0280 

E85 DOD SI CD and HEV 

0.0068 

0.0280 

CNG DOD SI CD and HEV 

0.3000 

0.0140 

H 2 DOD SI CD and HEV 

0.0065 

0.0280 

Gasoline FP FCV and FC HEV 

0.2000 

0.0056 

MeOH FP FCV and FC HEV 

0.0020 

0.0056 

EtOH FP FCV and FC HEV 

0.2000 

0.0056 

H 2 FCV and FC HEV 

0.0000 

0.0000 


Table 2-19 WTW Vehicle/Fuel Systems and Notation Used In this Report 


Pathways 


Conventional Drive Hybrid Electric 


Petroleum-Based Pathways 

Reformulated gasoline (30-ppm-S) displacement-on- 
demand spark-ignition 

Reformulated gasoline (10-ppm-S) direct-injection 
spark-ignition 

Diesel (15-ppm-S) direct-injection compression-ignition 
Gasoline (5-ppm-S) fuel processor fuel cell 
Crude oil naphtha fuel processor fuel cell 

NA NG Pathways 

Compressed NG displacement-on-demand spark- 
ignition 

Gaseous hydrogen (central) displacement-on-demand 
spark-ignition Bin 5 and Bin 2 NO x 


Gaseous hydrogen (station) displacement-on-demand 
spark-ignition Bin 5 and Bin 2 NO* 


Liquid hydrogen (central) displacement-on-demand 
spark-ignition Bin 5 and Bin 2 NO x 


RFG DOD SI CD 

RFG Dl SI CD 

LS Diesel Dl Cl CD 
Gasoline FP FCV 
Crude Naph. FP FCV 

NA NG CNG DOD SI 
CD 

NA NG Central GH 2 
DOD SI CD: Bin 5 NO x 
NA NG Central GH 2 
DOD SI CD: Bin 2 NO x 
NA NG Station GH 2 
DOD SI CD: Bin 5 NO x 
NA NG Station GH 2 
DOD SI CD: Bin 2 NO x 
NA NG Central LH 2 
DOD SI CD: Bin 5 NO x 
NA NG Central LH 2 
DOD SI CD: Bin 2 NO x 


RFG DOD SI HEV 

RFG Dl SI HEV 

LS Diesel Dl Cl HEV 
Gasoline FP FC HEV 
Crude Naph. FP FC HEV 

NA NG CNG DOD SI HEV 

NA NG Central GH 2 DOD SI 

HEV: Bin 5 NO x 

NA NG Central GH 2 DOD SI 

HEV: Bin 2 NO x 

NA NG Station GH 2 DOD SI 

HEV: Bin 5 NO x 

NA NG Station GH 2 DOD SI 

HEV: Bin 2 NO x 

NA NG Central LH 2 DOD SI 

HEV: Bin 5 NO x 

NA NG Central LH 2 DOD Si 

HEV: Bin 2 NO x 
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Table 2-19 (Cont.) 

Pathways Conventional Drive Hybrid Electric 

NA NG Pathways (Cont.) 


Liquid hydrogen (station) dispiacement-on-demand 
spark-ignition Bin 5 and Bin 2 NO x 


Gaseous hydrogen (central) fuel cell 
Gaseous hydrogen (station) fuel cell 
Liquid hydrogen (central) fuel cell 
Liquid hydrogen (station) fuel cell 

NNA NG Pathways 

Compressed NG displacement-on-demand spark- 
ignition 

Fischer-Tropsch diesel direct-injection compression- 
ignition 

Gaseous hydrogen (central) displacement-on-demand 
spark-ignition Bin 5 and Bin 2 NO x 


Gaseous hydrogen (station) displacement-on-demand 
spark-ignition Bin 5 and Bin 2 NO x 


Liquid hydrogen (central) displacement-on-demand 
spark-ignition Bin 5 and Bin 2 NO x 


Liquid hydrogen (station) displacement-on-demand 
spark-ignition Bin 5 and Bin 2 NO x 


Gaseous hydrogen (central) fuel cell 
Gaseous hydrogen (station) fuel cell 
Liquid hydrogen (central) fuel ceil 
Liquid hydrogen (station) fuel cell 
Methanol fuel processor fuel cell 
Fischer-Tropsch naphtha fuel processor Kiel cell 


NA NG Station LH 2 NA NG Station LH 2 DOD SI 

DOD SI CD: Bin 5 NO x HEV: Bin 5 NO x 

NA NG Station LH 2 NA NG Station LH 2 DOD SI 

DOD SI CD: Bin 2 NO x HEV: Bin 2 NO x 

NA NG Central GH 2 NA NG Central GH 2 FC HEV 

FCV 

NA NG Station GH 2 NA NG Station GH 2 FC HEV 
FCV 

NA NG Central LH 2 NA NG Central LH 2 FC HEV 
FCV 

NA NG Station LH 2 NA NG Station LH 2 FC HEV 
FCV 


NNA NG CNG DOD SI NNA NG CNG DOD SI HEV 
CD 

NNA NG FT Diesel Dl NNA NG FT Diesel Dl Cl HEV 
Cl CD 

NNA NG Central GH 2 NNA NG Central GH 2 DOD SI 

DOD SI CD: Bin 5 NO x HEV: Bin 5 NO x 

NNA NG Central GH 2 NNA NG Central GH 2 DOD SI 

DOD SI CD: Bin 2 NO x HEV: Bin 2 NO x 

NNA NG Station GH 2 NNA NG Station GH 2 DOD SI 

DOD SI CD: Bin 5 NO x HEV: Bin 5 NO x 

NNA NG Station GH 2 NNA NG Station GH 2 DOD SI 

DOD SI CD: Bin 2 NO x HEV: Bin 2 NO x 

NNA NG Central LH 2 NNA NG Central LH 2 DOD SI 

DOD SI CD: Bin 5 NO x HEV: Bin 5 NO x 

NNA NG Central LH 2 NNA NG Central LH 2 DOD SI 

DOD SI CD: Bin 2 NO x HEV: Bin 2 NO x 

NNA NG Station LH 2 NNA NG Station LH 2 DOD SI 

DOD SI CD: Bin 5 NO x HEV: Bin 5 NO x 

NNA NG Station LH 2 NNA NG Station LH 2 DOD SI 

DOD SI CD: Bin 2 NO x HEV: Bin 2 NO x 

NNA NG Central GH 2 NNA NG Central GH 2 FC HEV 

FCV 

NNA NG Station GH 2 NNA NG Station GH 2 FC HEV 
FCV 

NNA NG Central LH 2 NNA NG Central LH 2 FC HEV 
FCV 

NNA NG Station LH 2 NNA NG Station LH 2 FC HEV 
FCV 

NNA NG MeOH FP NNA NG MeOH FC HEV 
FCV 

NNA NG FT Naph. FP NNA NG FT Naph. FP FC HEV 
FCV 
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Table 2-19 (Cont.) 


Pathways 


Conventional Drive Hybrid Electric 


Renewable and Electricity Pathways 

Com 85% ethanol spark-ignition flexible-fuel 

displacement-on-demand 

Celiulosic 85% ethanol spark-ignition flexible-fuel 

displacement-on-demand 

Com ethanol fuel processor fuel ceil 

Celiulosic ethanol fuel processor fuel cell 

U.S. mix electrolysis gaseous hydrogen spark-ignition 

Bin 5 and Bin 2 NO x 


CA mix electrolysis gaseous hydrogen spark-ignition 
Bin 5 and Bin 2 NO x 


NA NG combined-cycle electrolysis gaseous hydrogen 
spark-ignition Bin 5 and Bin 2 NO x 


U.S. mix electrolysis liquid hydrogen spark-ignition Bin 
5 and Bin 2 NO x 


CA mix electrolysis liquid hydrogen spark-ignition Bin 5 
and Bin 2 NO x 


NA NG combined-cycle electrolysis liquid hydrogen 
spark-ignition Bin 5 and Bin 2 NO x 


U.S. mix electrolysis gaseous hydrogen fuel cell 

CA mix electrolysis gaseous hydrogen fuel cell 

NG combined-cycle electrolysis gaseous hydrogen fuel 
cell 

U.S. mix electrolysis liquid hydrogen fuel cell 
CA mix electrolysis liquid hydrogen fuel cell 


Com E85 DOD SI CD Not included 

Cell. E85 DOD SI CD Cell. E85 DOD SI HEV 


Corn EtOH FP FCV 
Celt. EtOH FP FCV 
Elecro. GH 2 DOD SI CD: 
U.S. kWh, Bin 5 NO x 
Elecro. GH 2 DOD SI CD: 
U.S. kWh, Bin 2 NO x 
Elecro. GH 2 DOD Si CD: 
CA kWh, Bin 5 NO x 
Elecro. GH 2 DOD SI CD: 
CA kWh, Bin 2 NO x 
Electro. GH 2 DOD SI 
CD: NA NG CC kWh, 

Bin 5 NO x 

Electro. GH 2 DOD SI 
CD: NA NG CC kWh, 

Bin 2 NO x 

Elecro. LH 2 DOD SI CD: 
U.S. kWh, Bin 5 NO x 
Elecro. LH 2 DOD SI CD: 
U.S. kWh, Bin 2 NO x 
Elecro. LH 2 DOD SI CD: 
CA kWh, Bin 5 NO x 
Elecro. LH 2 DOD SI CD: 
CA kWh, Bin 2 NO x 
Electro. LH 2 DOD SI CD: 
NA NG CC kWh, Bin 5 
NO x 

Electro. LH 2 DOD SI CD: 
NA NG CC kWh, Bin 2 
NO x 

Electro. GH 2 FCV: U.S. 
kWh 

Electro. GH 2 FCV: CA 
kWh 

Electro GH 2 FCV: NA 
NG CC kWh 
Electro. LH 2 FCV: U.S. 
kWh 

Electro. LH 2 FCV: CA 
kWh 


Com EtOH FP FC HEV 
Cell. EtOH FP FC HEV 
Elecro. GH 2 DOD SI HEV: U.S. 
kWh, Bin 5 NO x 
Elecro. GH 2 DOD SI HEV: U.S. 
kWh, Bin 2 NO x 
Elecro. GH 2 DOD SI HEV: CA 
kWh, Bin 5 NO x 
Elecro. GH 2 DOD SI HEV: CA 
kWh, Bin 2 NO x 
Electro. GH 2 DOD SI HEV: NA 
NG CC kWh. Bin 5 NO x 

Electro. GH 2 DOD SI HEV: NA 
NG CC kWh, Bin 2 NO x 

Elecro. LH 2 DOD SI HEV: U.S. 

kWh, Bin 5 NO x 

Elecro. LH 2 DOD S! HEV: U.S. 

kWh, Bin 2 NO x 

Elecro. LH 2 DOD SI HEV: CA 

kWh, Bin 5 NO x 

Elecro. LH 2 DOD SI HEV: CA 

kWh, Bin 2 NO x 

Electro. LH 2 DOD SI HEV: NA 

NG CC kWh, Bin 5 NO x 

Electro. LH 2 DOD SI HEV: NA 
NG CC kWh, Bln 2 NO x 

Electro. GH 2 FC HEV: U.S. 
kWh 

Electro. GH 2 FC HEV: CA kWh 

Electro GH 2 FC HEV: NA NG 
CC kWh 

Electro. LH 2 FC HEV: U.S. kWh 
Electro. LH 2 FC HEV: CA kWh 
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Table 2-19 (Cont.) 


Pathways 


Conventional Drive Hybrid Electric 


Renewable and Electricity Pathways (Cont.) 

NG combined-cycle electrolysis liquid hydrogen fuel 
cell 


Electro LH 2 FCV: NA NG Electro LH 2 FC HEV: NA NG 
CC kWh CC kWh 


Electrolysis renewable electricity gaseous hydrogen 
FCV 

U.S. mix electrolysis gaseous hydrogen spark-ignition 
Bin 5 and Bin 2 NO x adopted !AQR 


U.S. mix electrolysis gaseous hydrogen fuel cell 
adopted IAQR 

U.S. mix electrolysis liquid hydrogen spark-ignition Bin 
5 and Bin 2 NO x adopted IAQR 


U.S. mix electrolysis liquid hydrogen fuel cell adopted 
IAQR 


Electro. GH 2 FCV: 
Renew. kWh 
Elecro. GH 2 DOD SI CD: 
U.S. kWh, Bin 5 NO x , 
adopted IAQR 
Elecro. GH 2 DOD SI CD: 
U.S. kWh, Bin 2 NO x , 
adopted IAQR 
Electro. GH 2 FCV: U.S. 
kWh. adopted IAQR 
Elecro. LH 2 DOD SI CD: 
U.S. kWh, Bin 5 NO x , 
adopted IAQR 
Elecro. LH 2 DOD SI CD: 
U.S. kWh, Bin 2 NO x , 
adopted IAQR 
Electro. LH 2 FCV: U.S. 
kWh, adopted IAQR 


Not included 

Elecro. GH 2 DOD SI HEV: U.S. 
kWh, Bin 5 NO x , adopted IAQR 

Elecro. GH 2 DOD SI HEV: U.S. 
kWh, Bin 2 NO X( adopted IAQR 

Electro. GH 2 FC HEV: U.S. 
kWh, adopted IAQR 
Elecro. LH 2 DOD SI HEV: U.S. 
kWh. Bin 5 NO x , adopted IAQR 

Elecro. LH 2 DOD SI HEV: U.S. 
kWh, Bin 2 NO x , adopted IAQR 

Electro. LH 2 FC HEV: U.S. 
kWh, adopted IAQR 
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3. TANK-TO-WHEELS SIMULATED FUEL ECONOMY AND 
PERFORMANCE RESULTS 


The methodology described in Section 2 was consistently implemented in designing each of the 
technologies using validated component models and input data and assumptions reflecting realistic 
vehicle operating constraints. Outputs of this study, summarized in the following tables, include vehicle 
fuel economy and acceleration performance predictions. The tables include the fuel economy in gasoline- 
equivalent mpg on the EPA urban and highway driving cycles, and the 0-60 mph acceleration 
performance time. Also included are urban/highway composite vehicle fuel economy and efficiencies, as 
defined in Figure 2-26, and the percent gain in fuel economy of each concept over the baseline vehicle. 

The fuel economy predictions for the baseline vehicle on the urban and highway driving cycles are within 
the range of the EPA published ratings for a truck in the 4,750-lb test weight class. 

The vehicle mass for each of the technologies was adjusted by the scale factors used for sizing the 
components. Thus, without disclosing specific proprietary component mass information, increases in test 
weight classes for the advanced technologies range (from the best- to the worst-case scenarios) from -3% 
to 20% for the fuel cell systems with onboard hydrogen storage and between -10% and 30% for the 
reformer vehicles. The hybrid powertrain systems increase mass from 0% and 10% for ICE parallel HEVs 
(0% meaning that the mass of an ICE HEV would not change relative to that of a conventional vehicle), 
from ~7% and 24% for fuel cell HEVs, and from ~16% and 34% for the reformer HEVs. 

3.1 Fuel Economy and Performance Results 

Tables 3-1 and 3-2 present the results for the conventional drive and the hybridized ICE propulsion 
systems. All fuel economies are reported as mpg of gasoline-equivalent energy (1 15,500 Btu/gal gasoline 
equivalent). 

The baseline vehicle with a DOD engine demonstrated a composite fuel economy gain of - 5% over the 
20.2-mpg fuel economy of the baseline technology estimated in the Phase 1 study. On the basis of GM 
data indicating that an ICE running on E85 operates at the same engine efficiency as its equivalent 
gasoline ICE, the E85 fuel economy (mpg gasoline equivalent) was equal to that for gasoline. A similar 


Table 3-1 Best-Estimate Vehicle Fuel Economy Results for ICE CD Propulsion Systems 


Propulsion System 

Fuel Economy, mpg gasoline equivalent 

Urban Highway Composite Change, % 

0-60 mph 
Acceleration 
Time, s 

Vehicle 
Efficiency, % 

Gasoline DOD SI CD Baseline 8 

18.5 

26.2 

21.3 

_ 

7.9 

17.7 

Gasoline Dl SI CD 

21.5 

28.7 

24.2 

14 

7.9 

20.6 

Diesel Dl Cl CD 

22.7 

30.9 

25.8 

21 

7.9 

21.1 

E85 DOD SI CD 

18.5 

26.2 

21.3 

0 

7.9 

17.7 

CNG DOD SI CD 

18.1 

25.9 

21.0 

-1 

8.2 

17.9 

H 2 DOD SI CD 

22.5 

31.5 

25.6 

21 

7.9 s 

21.3 


* The fuel economy of the Phase 1 baseline technology (without DOD) was 20.2 mpg composite. 
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Table 3.2 Best-Estimate Vehicle Fuel Economy and Performance Results for ICE Parallel 
HEV Propulsion Systems with Charge-Sustaining Control Strategy 


Propulsion System (see) 

Fuel Economy, mpg gasoline equivalent 

Urban Highway Composite Change, % 

0-60 mph 
Acceleration 
Time, s 

Vehicle 
Efficiency, % 

Gasoline DOD SI Baseline 

18.5 

26.2 

21.3 

_ 

7.9 

18 

Gasoline DOD SI HEV 

25.9 

27.2 

26.5 

24 

6.2 a -8.0 b 

23 

Gasoline DI SI HEV 

29.2 

29.3 

29.2 

37 

6.2 a - 8.0*“ 

26 

Diesel DI Cl HEV 

30.7 

31.1 

30.8 

45 

6.2 a - 8.0 b 

26 

E85 DOD SI HEV 

25.9 

27.2 

26.5 

24 

6.2 a -8.0*> 

23 

CNG DOD SI HEV 

24.8 

26.2 

25.4 

19 

6.5 a - B.2 b 

23 

H 2 DOD SI HEV 

30.6 

32.9 

31.6 

48 

6.3 a -8.0 b 

27 


* Fully charged battery. 

6 Fully discharged battery. 


assumption regarding engine efficiency was also made for the dual-fuel CNG ICE. However, in order to 
maintain the same vehicle driving range as the baseline vehicle, the size of the fuel tank was increased, 
which imposed a penalty on vehicle mass and had a minor deleterious effect on fuel economy. 

The DI SI gasoline engine was optimized over its stratified and homogeneous operating regions, while 
meeting emission requirements, resulting in a potential fuel economy gain of 14%. The DI diesel engine 
was scaled (4.7 L engine displacement) to meet the same top vehicle speed, resulting in a 21% gain in 
fuel economy on a gasoline-equivalent basis. 

An efficiency map of the ICE running on hydrogen was not as readily available as maps for the other 
technologies and was thus created on the basis of information available in the literature. With the 
operating conditions optimized, increased compression ratio and the engine operating at steady state, 
theoretical thermal efficiency approaches 50% (Natkin et al. 2002; Eichlseder et al. 2003). However, 
when accounting for friction, heat, and pumping losses, as well as partial-load operation on the duty 
cycle, the brake thermal efficiency of our modeled engine yielded an estimated 5 percentage points higher 
efficiency than the same engine operating on gasoline. However, because of the low volumetric efficiency 
and combustion limitations, the maximum power of hydrogen engines is substantially lower than that of 
gasoline engines. Our simulation of hydrogen engine technology, based on estimated engine efficiency 
and scaling of engine power to meet the vehicle performance requirements, yielded about a 21% gain in 
gasoline-equivalent fuel economy. 

The benefits attributable to hybridizing these engine technologies, under the control strategy assumption 
presented above, resulted in significant fuel economy gains while maintaining vehicle performance. TTiese 
control strategies were tailored to each engine technology to take maximum advantage of the synergies 
between the hybrid architecture and the engine characteristics. The results show that, as the efficiency of 
the powertrain increases, the magnitude of the benefit attributable to hybridization decreases. In 
particular, benefits of hybridization are reduced for engine technologies with high efficiency at part load. 

Table 3-2 also presents the performance (0-60 mph acceleration time) depending on availability of the 
battery to provide power assist. The lower acceleration time represents a fully charged battery, and the 
higher time represents no battery assist. 
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Table 3-3 shows results for FCV systems with onboard fuel processors and those with onboard liquid and 
gaseous hydrogen, all with both conventional drive and hybrid drive. Separate fuel processor efficiency 
maps were used for gasoline, methanol, and ethanol fuel processors. As noted previously, because of the 
efficiency characteristics of the fuel cell in contrast to those of an ICE, the relative gains these hybrids 
demonstrated were less than those for the ICE hybrids. 

Table 3-3 Best-Estimate Vehicle Fuel Economy and Performance Results for Fuel Processor Fuel 
Cells and Hydrogen Fuel Cells with Conventional and Hybrid Electric Drives 


Fuel Economy, mpg gasoline equivalent 0-60 mph 

Acceleration Vehicle 

Propulsion System Urban Highway Composite Change, % Time, s Efficiency, % 


Gasoline DOD SI CD Baseline 

18.5 

26.2 

21.3 

— 

7.9 

18 

Gasoline/naphtha FP FCV 

29.9 

35.4 

32.2 

51 

9.9 

28 

Gasoline/naphtha FP FC HEV 

38.5 

36.4 

37.5 

76 

9.2 

34 

MeOH FP FCV 

32.7 

38.7 

35.2 

65 

99 

31 

MeOH FP FC HEV 

41.8 

39.6 

40.8 

92 

9.1 

37 

EtOH FP FCV 

29.9 

35.4 

32.2 

51 

9.9 

28 

EtOH FP FC HEV 

38.5 

36.4 

37.5 

76 

9.2 

34 

H 2 FCV 

49.4 

52.6 

50.8 

139 

9.6 

43 

H 2 FC HEV 

58.5 

53.3 

56.1 

163 

8.4 

48 


The fuel economy results listed in Tables 3-1 through 3-3 represent the best-estimate scenarios; Table 3-4 
also includes the best-case and worst-case scenario predictions. These predictions were also generated by 
using simulation models and are based on input data and assumptions that capture the uncertainties of the 
various technologies. 

The worst-case scenarios for the conventional drive vehicles assumed that the current state-of-the-art 
technology levels (no DOD) for engines and transmissions are maintained without further improvements. 
For the hybrids and the fuel cell system vehicles, these scenarios incorporated more pessimistic 
assumptions about component masses and efficiencies. The worst-case hybrid scenarios also assumed a 
mild hybridization strategy in which the engines would be turned off only when the vehicle was stopped. 
Also included in this scenario for the fuel cell HEVs was the assumption that the fuel cell system could 
not be shut off throughout the duty cycle. 

The best-case scenarios are based on assumptions that the technologies will exceed their targets in mass 
and efficiency for the 2010 timeframe. In the case of conventional drive vehicles, both vehicle level and 
powertrain improvements were assumed. Best-case vehicle-level assumptions include reductions in mass 
and aerodynamic losses. For powertrains, improvements in transmission design — such as the use of wider 
ratio spreads, providing additional overdrive ratios, and an additional gear to maintain customer shift 
pleasability — were included in the best-case scenarios. For the conventional hybrids and fuel cell system 
vehicles, best-case scenarios incorporated reductions in component mass and improvements in operating 
efficiencies. In addition, the best-case scenarios for the hybrid systems included downsized engines along 
with concepts often referred to as strong hybridization. 

The data from Table 3-4 are plotted in Figure 3-1 with the best- and worst-case scenarios superimposed 
on the bars. The figure illustrates that the less-mature propulsion systems with larger uncertainties are 
strong hybrids and fuel processor FCVs. 
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Table 3-4 Composite Fuel Economy Results for Best-Estimate, Best-Case, 
and Worst-Case Scenarios 


Fuel Economy, mpg gasoline-equivalent 


Propulsion System 

Worst Case 

Best Estimate 

Best Case 

Gasoline DOD SI CD Baseline 

20.2 a 

21.3 

22.4 

Gasoline Dl SI CD 

23.2 

24.2 

25.4 

Diesel Dl Cl CD 

25.2 

25.8 

27.1 

E85 DOD SI CD 

20.2 a 

21.3 

22.4 

CNG DOD SI CD 

19.9 a 

21.0 

22.1 

H 2 DOD SI CD 

24.3 a 

25.6 

26.9 

Gasoline DOD SI HEV 

24.5 

26.5 

34.0 

Gasoline Dl SI HEV 

27.0 

29.2 

33.6 

Diesel Dl Cl HEV 

28.5 

30.8 

39.4 

E85 DOD SI HEV 

24.5 

26.5 

34.0 

CNG DOD SI HEV 

23.5 

25.4 

32.5 

H 2 DOD SI HEV 

29.2 

31.6 

40.5 

Gasoline/naphtha FP FCV 

25.7 

32.2 

36.3 

Gasoline/naphtha FP FC HEV 

29.5 

37.5 

42.2 

MeOH FP FCV 

28.1 

35.2 

39.6 

MeOH FP FC HEV 

32.7 

40.8 

45.9 

EtOH FP FCV 

25.7 

32.2 

36.3 

EtOH FP FC HEV 

29.5 

37.5 

42.2 

H 2 FCV 

47.6 

50.8 

54.5 

H 2 FC HEV 

52.6 

56.1 

59.8 


* Engine modeled without DOD for the worst-case scenario. 


Distribution functions were developed for each TTW propulsion option to describe the variation in fuel 
economy for the Monte Carle WTW calculations. All of the ICE fuel economies were fit using a Gamma 
function. For each, the 0. 1 percentile was set to the worst-case value and the 99.9 percentile was set to the 
best-case value. The Gamma function scale parameter was adjusted so that the mean of the distribution 
matched the best-estimate value. Figure 3-2 displays, as an example, the distribution used for the baseline 
gasoline engine. 

For the fuel cell systems, we found that the Weibul! distribution did the best job of fitting the vehicle fuel 
economy results. The 0.1 percentile was set to the worst-case value and the 95th percentile was set to the 
best-case value. The scale parameter was adjusted to match the mean of the distribution to the best- 
estimate value. A sample distribution for the hydrogen fuel cell conventional drive vehicle is shown in 
Figure 3-3. 
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Figure 3-1 Fuel Economy Predictions with Superimposed Best-Case and Worst-Case Scenarios 




Fuel Economy, mpg 


Figure 3-2 Fuel Economy Distribution for Baseline Gasoline Displacement 
on Demand Spark-Ignition Conventional Drive 


77 






209 



3.2 Discussion of Tank-to-Wheel Fuel Economy Results 

This analysis assesses the potential fuel economy benefits of numerous advanced engine technologies 
used in conjunction with alternative fuels and powertrain architectures. Our study included mature, 
production-ready technologies for improving fuel economy, such as DOD; more aggressive technologies 
such as DI SI, CNG, and DI diesel ICEs; and others, even more advanced technologies, such as fuel cell 
systems. Compliance with emission regulations was taken into account, and customer expectations of 
vehicle performance and drive quality were never compromised. Among the ICE technologies, the diesel 
engine offers the greatest benefit in fuel economy, hybridization provides additional gains for all 
technologies, and the onboard hydrogen fuel cell system yields the highest potential. 
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4. WELL-TO-WHEELS RESULTS 


Section 2 described the methods we used to select and simulate fuel production pathways (WTT) and 
vehicle propulsion technologies (TTW). Section 1 presented fuel economy results. WTT energy and 
emission results for 27 fuel pathways and 2 electricity pathways with the IAQR are presented in 
Appendix C. In the Phase 2 study, the WTT and TTW simulations are integrated within the GREET 
model. Table 4-1 lists the subsections in this section where we present results for certain fuel/vehicle 
propulsion systems analyzed in the Phase 2 study. For each of the vehicle/fuei systems, we generated 
results for the 17 items listed in Table 4-2. 

WTW simulations in the Phase 2 study included 84 vehicle/fuel systems with 17 items, 28 hydrogen ICE 
systems meeting the Bin 2 NO x standard with 2 items (TNO x and UNO*); 8 systems meeting the IAQR 
power plant emissions with 17 items; and 4 hydrogen ICE systems meeting the IAQR power plant 
emissions and Bin 2 NO x standards with 2 items. The 124 WTW options result in 1,628 individual items 
for which we generated probability-based output results by using GREET simulations. The results for the 
1,628 items are presented in Appendix D. In this section, we present charts that illustrate the results for 
selected items associated with selected vehicle/fuel systems. 

Section 4.1 presents results for 18 vehicle/fuel systems, selected to illustrate general trends in energy use 
and emissions changes that result from the use of advanced vehicle technologies and new transportation 
fuels. Section 4.2 explores specific issues of interest with results for selected fuel production pathway 
groups and for selected vehicle propulsion systems. 
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Table 4*1 Combinations of Fuel Production Pathways and Vehicle Propulsion Technologies Simulated In this Study 




Vehicle 

Included 





Included In Section 4.2? 




Proputslon 

In Section 










Fuel Production Pathway 

System 

4.1? 

4.2.1 

4.2.2 

4.2.3 

4.2.4 

4.2.5 

4.2.6 

4.2.? 4.2.8 4.2.9 4.2.10 4.2.11 

Oil-Based 






















Y Y Y Y 

2 

30-ppm-S RFG without oxygenate 

DOD Si HEV 

Y 



Y 


Y 


Y 














4 

IG-ppm-S RFG without oxygenate 

CM SI hybrid 


Y 


Y 


Y 
















6 

5-ppm*S gasoline without oxygenate 

FPFC HEV 


Y 


Y 


Y 





15-ppm-S diesel 











8 

Dt Cl HEV 

Y 

Y 


Y 


Y 


Y 



Naphtha 











10 

FP FC HEV 


Y 




Y 




NG-Sased 











11 

NANGtoCNG 

DOD SI CD 

Y 


Y 

Y 





Y 

12 

DOD St HEV 


Y 


Y 

Y 

Y 


Y 

Y 

13 

NNA NG to CNG via LNG 

OO0SICD 









Y 












15 

NNA NG to methanol 

FP FCV 

Y 


Y 






Y 

16 

FPFC HEV 


Y 




Y 


Y 

Y 

17 

NNA NG to FT diesel 

Di Cl CD 

Y 


Y 

Y 





Y 
























20 

NNA NG to FT naphtha 

FP FC HEV 






Y 



Y 
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T abla 4-1 (Cent) 


Fuel Production Pathway 

Vehicle Propulsion 
System 

Included 
in Section 
4.1? 



included In Section 4.2? 



4.2.1 4,2.2 

4.2.3 

4.2.4 

4.2.5 

4.2.6 

4.2.7 ■ 

4.2.8 

4.2.3 4.2.10 4.2.11 

NG-Based (eont.) 











21 

DOD Si CD, Bin 5 

Y 


Y 



Y 


Y 

Y 

22 

DOD SI HEV, Bin 5 


Y 

Y 

Y 

Y 



Y 

Y 

23 NA NG to GHj produced In 

DOD Si CD. Bin 2 

Y 









24 central plants 

DOD Si HEV, Bln 2 

Y 









25 

FCV 

Y 

Y 

Y 



Y 


Y 


26 

FC HEV 


Y 

Y 

Y 

Y 


Y 

Y 


27 

DOD SI CO, Bin 5 






Y 


Y 


28 

DOD SI HEV, Bin 5 




Y 




Y 


29 NNANG to GH 2 produced In 

DOD SI CD, Bin 2 










30 central plants via LNG 

DOD Si HEV, Bin 2 










31 

FCV 






Y 


Y 


32 

FC HEV 




Y 




Y 


33 

DOD SI CD, Bin 5 






Y 



Y 

34 

DOD SI HEV, Bin 5 




Y 





Y 

35 NA NG to GNj produced in 

DOD SI CD. Bin 2 









Y 

36 refueling stations 

DOD SI HEV, Bin 2 









Y 

37 

FCV 






Y 




38 

FCHEV 




Y 






39 

DOD SI CD. Bin5 






Y 




40 

DOD SI HEV, Bln 5 




Y 






41 NNA NG to GH ? produced In 

DOD Si CD, Bin 2 










42 refueling stations via LNG 

DOD SI HEV, Bin 2 










43 

FCV 






Y 




44 

FCHEV 




Y 
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Table 4-1 (Cont) 


included Included In Section 4 .2? 

Vehicle Propulsion in Section 

fuel Production Pathway System 4.1? 4.2.1 4.2.2 4.2.3 4,2.4 4.2.5 4.2.6 4.2.7 4.2.8 4.2.8 4,2.10 4.2.11 


NG-Based {cent) 

45 

DOD SI CD, Bin 5 



Y 



Y 

46 

DOD SI HEY, Bin 5 



Y 

Y 

Y 


47 NA NG to tHa produced in 

DOD SI CD, Bin 2 







48 central plants 

DOD S! HEV, Bin 2 







49 

FCV 

Y 


Y 



Y 

50 

FCHEV 


Y 

Y 

Y 

Y 


51 

DOD Si CD, Bin 5 






Y 

52 

DOD SI HEV. Bn 5 




Y 



53 NNA NG to IHj produced in 

OOD SI CD, Bin 2 







54 central plants 

DOD SI HEV, Bin 2 







55 

FCV 






Y 

56 

FCHEV 




Y 



57 

DOD SI CD, Bln 5 






Y 

58 

DOD SI HEV, Bin 5 




Y 



59 NA NG to LH 2 produced in 

DOD SI CD, Bin 2 







60 refueling stations 

DOD SI HEV, Bin 2 







61 

FCV 






Y 

62 

FCHEV 




Y 



63 

DOD SI CD. Bin 5 






Y 

64 

DOD SI HEV. Bin 5 




Y 



65 NNA NG to 1H 2 produced in 

DOD SI CD. Bin 2 







66 refueling stations via LNG 

DOD SI HEV, Bin 2 







67 

FCV 






Y 

68 

FCHEV 




Y 
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Table 4-1 (Cont.) 




included 




included in Section 4.2? 




Fuef Production Pathway 

Vehicle Propulsion 
System 

In Section 
4.1? 

4.2.1 

4.2.2 

4.2-3 

4.2.4 4.2.5 4.2.6 

4.2.7 4.2,8 

4.2.9 

4.2.10 

441.11 

Bloathanol 

89 

E85DOO Si CD 

V 


Y 

Y 


Y 




70 Com to ethanol 

£85 DOD SIHEV 


Y 


Y 

Y 

Y 




71 

E100FPFCV 






Y 




72 

ESS DOD St CO 

Y 


Y 

Y 


Y 




^ Cellulosic biomass to ethanol 

74 

E85 DOD Si HEV 

E100FPFCV 

Y 

Y 


Y 

Y 

Y 

Y 




75 

El 00 FP FC HEV 





Y 

Y 




Electricity to Hydrogen via Electrolysis 

76 DOD Si CD, Bin 5 




Y 

Y 


Y 

Y 

Y 

77 

DOD St HEV, Bin 5 




Y 

Y 


Y 

Y 

Y 

78 U.S. average electricity to GHz 

79 produced in refueling stations 

DOD SI CD. Bin 2 
DOD Si HEV, Bin 2 










80 

FCV 

Y 


Y 

Y 

Y 


Y 

Y 

Y 

81 

FC HEV 


Y 


Y 

Y 

Y 

Y 

Y 

Y 

82 

DOD SI CD, Bin 5 







Y 


Y 

83 

DOD SI HEV, Bin 5 







Y 


Y 

84 CA average electricity to GH 2 

85 produced in refueling stations 

DOD SI CD. Bin 2 
DOD Si HEV, Bin 2 









Y 

Y 

86 

FCV 







Y 



87 

FC HEV 







Y 
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Table 4-1 (Cent.) 





Included 

Included in Section 4.2? 





Vehicle Propulsion 

in Section 






Fuel Production Pathway 

System 

4.1? 4.2.1 4.2.2 441.3 

4.2.4 4.2.5 

4.2.6 4.2.7 4.2.8 

4.2.9 

4.2.10 4.2.11 

Electricity to Hydrogen via Electrolysis (Coni) 






83 


DOD SI CD. Bin 5 



Y 

Y 

Y 

89 


DOD SI HEV, Bin 5 


Y 


Y 

Y 


U.S. average electricity to 







91 

LH 3 produced to refueling 

DOD SI HEV, Bin 2 






92 


FCV 



Y 

Y 

Y 

93 


FC HEV 


Y 


Y 

Y 

94 


DOD SI CD, Bin 5 




Y 


95 


DOD SI HEV, Bin 5 




Y 


96 

CA average electricity to LH2 

DOD SI CD, Bin 2 






87 

produced in refueling stations 

DOD SI HEV, Bin 2 






98 


FCV 




Y 


99 


FC HEV 




Y 


100 


DOD SI CD. Bln 5 



Y 



101 


DOD Si HEV, Bln 5 


Y 




102 

NA NG CC electricity to LH 2 

DOD SI CD. Bin 2 






103 

produced in refueling stations 

DOD SI HEV, Bin 2 






104 


FCV 

Y 


Y 



105 


FC HEV 


Y 




106 


DOD SI CD, Bin 5 



Y 



107 


DOD SI HEV, Bin5 


Y 




108 

NA NG CC electricity to LH 2 

DOD SI CD, Bin 2 






109 

produced in refueling stations 

DOD SI HEV. Bin 2 






110 


FCV 



Y 



111 


FC HEV 


Y 
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Table 4-1 (Cont) 


Fuel Production Pathway 

Vehicle Propulsion 
System 

Included 

Included In Section 4.2? 


In Section 

4.1? 4.2.1 4,2.2 

4.2.3 4,2.4 4.2.5 

4.2.6 4.2.7 4.2.8 

4.2.9 4.2-10 4.2.11 

Electricity to Hydrogen via Electrolysis (Cont) 





113 Renewable electricity to GHj 

FCV 

Y 


Y Y 


produced in refueling stations 






113 

DOD SI CO. Bin 5 




Y 

114 

DOD SI HEV, BinS 




Y 

445 U.S. average electricity to 





Y 

GHj produced in refueling 

6 stations, adopted tAQR 

DOD SI HEV, Bin 2 




Y 







118 

FCHEV 




Y 

119 

DOD SI CD, Bin 5 




Y 

120 

DOD SI HEV. Bin 5 




Y 

121 U.S. average electricity to 






LH2 produced in refueling 

122 stations, adopted IAQR 

DOD SI HEV. Bln 2 





123 






124 

FCHEV 




Y 

Total Number of Pathways 

124 

18 15 9 

28 19 25 

26 16 23 

17 21 21 
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Table 4-2 Energy and Emission Items Analyzed in Phase 2 Study 


Energy 

Greenhouse Gases 

Total 

Emissions 

Urban 

Emissions 

Total Energy (TE) 

C0 2 

Total VOC 

Urban VOC 

Fossil Energy (FE, subset of TE) 

ch 4 

Total CO 

Urban CO 

Petroleum Energy (subset of FE) 

n 2 o 

Total NO x 

Urban NO* 


Total C0 2 -equivalent 

Total PM 10 

Urban PM 10 


GHG 

Total SO x 

Urban SO x 


4.1 Results for 18 Selected Propulsion Systems 

Of the 124 vehicle/fuel systems simulated in this study, we selected 18 systems and present their WTW 
results for the 17 items analyzed (Table 4-2) to allow us to draw general conclusions about the energy and 
emission effects of advanced vehicle technologies and new transportation fuels. The WTW results for the 
18 systems, for each of the 17 items, are discussed and illustrated in charts provided on the following 
pages. 

Of the 1 8 systems we selected, six are petroleum-based, six are NG-based, and six are bioethanol- and 
electricity-based. The reformulated gasoline-fueled, spark-ignition engine with displacement on demand 
in conventional drive (RFG SI DOD CD) is the baseline to which other technology options are compared. 

In all the charts presented in this section, for each vehicle/fuel system, the bottom section of the bar 
represents WTT per-mile results; the top section of the bar represents TTW per-mile results; the line 
superimposed on each bar represents the WTW uncertainty range for the P 10 and P90 values (while the 
bar represents the P50 value). The pathways in the figures are grouped by energy resource: oil, NG, and 
bioethanol and electricity. 

4.1.1 Total Energy Use 

Of the six oil-based pathways shown in Figure 4-1, the reductions in WTW total energy use by the five 
advanced systems primarily result from the vehicle fuel consumption reductions provided by the 
advanced vehicle technologies, but the more efficient diesel WTT stage was a factor in the reduced WTW 
energy use for the diesel pathway. Direct injection gasoline, compression ignition diesel, and hybrids all 
reduce WTW total energy use. Our results show that gasoline fuel processor FCVs achieve energy 
savings equivalent to those of diesel hybrids. The uncertainty bands in Figure 4-1 indicate that, compared 
to conventional engine technologies, hybrid and fuel cell technologies are subject to greater WTW energy 
use uncertainties. 
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Figure 4-1 WTW Total Energy Use of 18 Vehicle/Fuel Systems (Btu/mi) 


For the six NG-based systems, the CNG DOD SI engine achieves a small energy savings. Use of the Cl 
diesel engine fueled with FT diesel and the DOD SI engine fueled with GH2 result in increased WTW 
total energy use, relative to the energy use of the gasoline SI baseline. Figure 4-1 shows clearly that the 
energy use increases for these two technologies are attributable to the increased WTT energy use for 
production of FT diesel and GH2. The moderate reductions in vehicle fuel consumption by these two 
engine technologies are not enough to offset the increased WTT energy use. On the other hand, the three 
FCVs fueled with methanol (via onboard fuel processors) and with GH2 and LH2 achieve WTW energy 
savings, even though WTT energy use for the three fuels is high. The fuel consumption reductions of 
these FC technologies more than offset their increased WTT energy use. 

Of the six bioethanol- and electricity-based systems, all options, except renewable electricity for GH2 
FCVs, result in increased WTW energy use. For pathways involving renewable electricity (such as hydro- 
power, wind power, and solar power), only generated electricity (in Btu) was taken into account. If the 
primary energy for renewable electricity generation were included, the renewable electricity system 
would result in substantial WTW energy use. However, in our opinion, because renewable primary 
energy is not subject to energy resource depletion, inclusion of primary energy in renewable electricity is 
not meaningful. We will discuss this issue in detail later. 

The largest increase in WTW total energy use is by SI engines powered with cellulosic ethanol. For 
cellulosic ethanol, our energy analysis is based on the energy (in Btu) in harvested biomass. Cellulosic 
ethanol processing plants consume a large amount of biomass energy for ethanol production. That 
consumption results in targe amount of WTW total energy use for cellulosic ethanol systems. For com 
ethanol, we account for the energy required for agriculture and processing com into ethanol, not the 
energy in the com kernels. This accounting decision results in less WTT energy use for com ethanol than 
for cellulosic ethanol. For GH2 from U.S. average electricity via electrolysis, the large WTT energy use is 
caused by energy losses during electricity generation, GH2 production, and GH2 compression. 
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The WTW total energy use results for bioethanol- and renewable electricity-based systems demonstrate a 
key issue concerning ways of accounting for Btu energy when very different primary energy sources are 
involved. The accounting system that researchers choose can significantly affect WTW total energy use 
results. We prefer a Btu accounting system that addresses energy resource depletion issues and emissions 
calculations (i.e., combustion emissions of an energy source). For that reason, we start to account for Btu 
energy use at different starting points for different fuels (see Figure 4-2). In particular, we begin to 
account for the energy in primary energy feedstocks for fossil energy-based fuels (i.e., Btu energy 
contained in crude oil, NG, and coal recovered from underground). For com-based ethanol, the WTW 
analysis includes petroleum, fossil energy, and all emissions for agriculture, fertilizer manufacture, com 
fanning, com transportation, ethanol manufacture, and ethanol transportation. For other renewable 
energy-based fuels, we begin to account for Btu energy in the fuels produced, because the Btus in primary 
renewable energy sources are not a concern. The exception is cellulosic ethanol, for which we begin to 
account for Btus in the biomass delivered to cellulosic plants. This starting point is influenced by the fact 
that we need to calculate the emissions associated with biomass combustion (as well as fermentation) in 
cellulosic ethanol plants. Some researchers may argue that accounting for Btus in primary renewable 
energy sources could be helpful in determining needs for other resources (such as land and water 
requirements). In this way, the Btus serve as a surrogate to depletion of resources other than energy 
resources. We argue that, in this case, depletion of other resources should be addressed directly instead of 
Btus serving as a surrogate. 


Fossil Fuels Com Ethanol 


Btu in 
primary 
energy 
feedstocks 


Cellulosic 

Ethanol 


Fossil 

Electricity 


Nuclear 

Electricity 


Btu in 
ethanol 


Btu in 
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Btu in 
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energy 
feedstocks 


Btu in 
electricity 


Renewable 

Electricity 



Btu in 
electricity 


Figure 4-2 Energy Accounting System for Different Fuels in GREET 

Btu accounting for nuclear electricity could be based either on the uranium resource or on the generated 
electricity. Although uranium is not renewable, the U.S. uranium resources will last for more than 
150 years, based on current U.S. uranium consumption by domestic nuclear power plants, and the 
worldwide uranium resources are so large that uranium resource consumption may not be a concern. The 
estimated uranium reserve and resources in the United States are 1,418 and 8,330 million lb of UjOg 
equivalent, respectively (EIA 2003). Between 1996 and 2003, the annua! uranium consumption by U.S. 
nuclear power plants was about 55 million lb of U 3 O 8 equivalent (EIA 2003). Thus, the U.S. uranium 
reserve and resources could potentially meet the U.S. uranium demand for about 1 77 years at the current 


88 




220 


U.S. uranium consumption rate. U S. uranium resources only account for a few percentage points of the 
total worldwide uranium supply. Worldwide uranium resources will last much longer to supply 
worldwide uranium demand. 

Thus, uranium resources may not be a constraint for nuclear power generation. For this reason, we begin 
to account for Btus in electricity that is generated from nuclear power plants. In the GM-sponsored 
European WTW study (L-B-Systemtechnik GmbH et al. 2002), nuclear electricity energy was based on 
uranium. Also, we are aware that some engineering analyses for nuclear power plants account for Btus in 
the steam generated in nuclear plants. Although this accounting system could be helpful for nuclear power 
plant designs, it is not useful in addressing energy resource depletion issues. 

Energy accounting systems involved in renewable energy resources obviously can be arbitrary. Total 
energy use results from such accounting systems could be misleading. We will demonstrate in our 
discussion of total fossil energy use results (below) that fossil energy use calculations are more 
meaningful when comparing fossil energy-based and renewable energy-based fuels. 

4.1.2 Fossil Energy Use 

Figure 4-3 presents WTW per-mile fossil energy use results for the 18 vehicle/fuel systems. Fossil energy 
use here includes petroleum, NG, and coal. Because all three resources are finite, estimates of fossil 
energy use can help understand how each vehicle/fuel system addresses fossil energy resource depletion 
issues. 



Figure 4-3 WTW Fossil Energy Use of 18 Vehicle/Fuel Systems (Btu/mi) 
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Among the 12 oil-based and NG-based systems, WTW fossil energy use patterns are similar to those for 
WTW total energy use. This is because the majority of the energy used for oil-based and NG-based 
systems is fossil energy. For these 12 systems, the reductions in fossil energy use primarily result from 
efficient vehicle technologies. Cl engines, hybrids, and FCVs all achieve fossil energy reductions. Two 
systems. Cl engines fueled with FT diesel and SI engines fueled with GH 2 , consume more per-mile fossil 
energy than the baseline gasoline ICE technology, because of the high WTT fossil energy use for 
producing FT diesel and GH 2 from NG. 

The distinct difference between total energy and fossil energy use lies in bioethanol- and renewable 
electricity-based systems. Because the Btus in com, biomass, and renewable primary energy sources are 
not included, these systems show large reductions in fossil energy use. In fact, reduced fossil energy use 
is one of the major reasons for interest in renewable fuels. Contrary to the results for total energy, 
cellulosic ethanol and renewable electricity are the best fuel options to reduce WTW fossil energy 
consumption. The relatively high fossil energy use for E85 cellulosic ethanol ICE technology is 
attributable to the gasoline portion (19% by volume) of the E85 blend. 

The fossil energy use for GH 2 production from U.S. average electricity is similar to that for NG CC 
electricity. On the one hand, NG CC efficiency is much greater than that of most fossil-fuel-fired electric 
power plants. On the other hand, about 30% of U.S. electricity is generated from non-fossil-fuel-powered 
power plants (e g., nuclear power plants and hydroelectric power plants). This offsets the low efficiency 
of conventional fossil fuel power plants, causing the fossil energy use of GH 2 from U.S. average 
electricity to be close to that of GH 2 from NG CC electricity. 

Figures 4-1 and 4-3 together demonstrate the importance of separating the types of Btus in WTW energy 
use estimates. When renewable energy sources are involved, it is fossil energy, not total energy, that 
should be used to compare different technologies. This is because renewable Btus are not subject to 
energy resource depletion issues. One may argue that total energy use results could provide some 
indication of the intensity of the use of resources such as land, wind power, and solar power. While use of 
total energy could be a first-order approximation of these other resources, we maintain that the 
requirement of these other resources should be analyzed directly. 

In the U.S. context, energy resource depletion issues may need to be addressed with separation of coal 
from oil and NG because the U.S. has a large coal reserve but very small oil and gas reserves, relative to 
U.S. consumption of the three energy sources. If any vehicle/fiiel systems can help to move energy use 
from oil and NG to coal, these technologies would have additional energy benefits for the United States. 
While this switch benefit is beyond the scope of this study, we caution that readers should use additional 
care in interpreting energy resource depletion implications for fossil energy. 

4.1.3 Petroleum Use 

Figure 4-4 shows WTW per-mile petroleum use. Reductions in petroleum use by these technologies are 
an important energy benefit because the U.S. now imports about 60% of its petroleum, adding to national 
energy security concerns and potential negative economic effects. Not surprisingly, NG-, bioethanol-, and 
electricity-based systems almost eliminate petroleum use, despite the fact that petroleum is used during 
WTT activities for these fuels. The moderate amount of petroleum use for E85 results from the 19% 
gasoline content of the E85 blend. 
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Figure 4-4 WTW Petroleum Use of IS Vehicle/Fuel Systems (Btu/mi) 

The reductions in petroleum use by the five oil-based systems, relative to the baseline gasoline ICE 
technology, result from vehicle efficiency gains (and efficient diesel production in the case of Cl ICE 
technologies). 

4.1.4 GHG Emissions 

Figures 4-5 through 4-8 present WTW per-mile GHG emission results for the 18 vehicle/fuel systems. 
Figure 4-5 shows total GHG emissions as C02-equivalent emissions of CO2, CH4, and N2O, the three 
major GHGs from motor vehicles. The three GHGs are combined with their IPCC-recommended GWPs 
over the 100-year horizon (1 for CO2, 23 for CH4, and 296 for N2O). 

Among the six oil-based systems, the reductions from the left to the right in the chart are caused primarily 
by vehicle efficiency gains. While energy reductions by the two diesel technologies (Cl engine and Cl 
engine hybrid) were large (see Figures 4-1 and 4-3), GHG emission reductions by the two technologies 
were relatively small, because diesel fuel has more carbon per unit of energy than gasoline. In particular, 
carbon intensity (grams of carbon per mmBtu) for diesel fuel is about 6% higher than that for gasoline. 
The high carbon intensity of diesel fuel offsets some of the GHG reduction benefits offered by efficient 
diesel engines. 

Among the six NG-based systems, all result in GHG emission reductions relative to the GHG emissions 
of the baseline gasoline ICE. The GHG reductions by Cl engines fueled with FT diesel and SI engines 
fueled with GH2 are minimal because of the large amount of WTT GHG emissions. The small TTW 
GHG emissions for GH2 ICE technology are N2O emissions from hydrogen internal combustion. The 
three fuel-cell technologies achieve significant GHG emission reductions. The two hydrogen FCVs have 
zero TTW GHG emissions. GHG emissions of methanol-fueled and LH2-fue!ed FCVs are comparable. 
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Figure 4-5 WTW GHG Emissions of IB Vehicle/Fuel Systems (g/ml) 

Among the six bioethanol- and electricity-based technologies, the renewable electricity-derived GH 2 
system has zero GHG emissions. This is because our study includes the so-called operation-related 
emissions only. That is, emissions related to operational activities for the WTT stage are included. On the 
other hand, infrastructure-related GHG emissions (such as emissions associated with building roads, 
plants, and plant equipment) are not included for any of the pathways evaluated in this study. 

The bars for cellulosic ethanol in Figure 4-5 require some additional explanation. The two cellulosic 
ethanol systems (for E85 SI and El 00 FCVs) have negative WTT values because of carbon uptake during 
biomass growth, soil carbon sequestration in biomass farms, and GHG emission credits for electricity co- 
generated in cellulosic ethanol plants. The TTW emissions for E85 and E100 are similar to those for 
gasoline. Net emissions are shown by the positive or negative height of the light bars. For the cellulosic 
E85 in combustion engine case (Cell. E85 DOD SI CD), the best-estimate value for net GHGs was about 
160 g/mi, a 70% reduction relative to the baseline. In the cellulosic ethanol-fueled FCV case (Cell. EtOH 
FP FCV), best-estimate GHG emissions were a little above zero because of soil carbon sequestration in 
biomass farms and GHG emission credits from co-generated electricity in cellulosic ethanol plants. The 
E85 SI ICE technology results in reduced GHG emission benefits because ICE technology is less efficient 
than FC technology and because E85 contains 1 9% gasoline. Com ethanol E85-fueled SI ICE technology 
achieves only moderate GHG emission reductions, because WTT activities for com ethanol consume a 
significant amount of fossil fuels (resulting in GHG emissions) and because cornfields produce a large 
amount of N 2 O emissions from nitrogen nitrification and denitrification. 

NG CC electricity-derived GH 2 achieves moderate GHG emission reductions, compared to those for the 
U.S. electricity generation mix, because of its efficient electricity generation. On the other hand, the U.S. 
average electricity-derived GH 2 results in increased GHG emissions relative to the baseline gasoline ICE 
technology because over 50% of U.S. electricity is produced in coal-fired power plants, which have high 
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GHG emissions, and because electrolysis hydrogen pathways are generally inefficient. Renewable 
electricity-derived GH 2 FCVs achieve zero WTW GHG emissions. 

Results of the three electrolysis hydrogen pathways in Figure 4-5 demonstrate the importance of 
electricity sources for electrolysis hydrogen in WTW GHG emissions for hydrogen FCVs. Even though it 
is inefficient to produce hydrogen via electrolysis, electrolysis hydrogen could achieve GHG emission 
reductions where renewable or zero-carbon electricity is available for hydrogen production. 

4.1.5 CO 2 Emissions 

Figure 4-6 shows WTW per-mile CO 2 emissions. Except for the three bioethanol systems, the general 
trends between GHG and CO 2 emissions are similar, although emission reduction benefits for NG-based 
systems are a little larger for CO 2 emissions than for GHG emissions. This is because, in most cases, CO 2 
emissions account for the majority of GHG emissions. For the three bioethanol systems, especially com 
ethanol, N 2 O emissions from farms are a significant emission source, accounting for about 1/5 of total 
WTW GHG emissions because N 2 O emissions are amplified by the relatively high GWP of N 2 O (296). 
Ignoring N 2 O emissions would result in overly optimistic GHG emission reduction benefits for 
bioethanol. 



Figure 4-6 WTW CO 2 Emissions of 18 Vehicle/Fuel Systems (g/mi) 
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4.1.6 CH 4 Emissions 

WTW CH4 emissions, as shown in Figure 4 - 7 , primarily result from WTT emissions. The CNG vehicle 
system has the largest CH4 emissions because of it high WTT and TTW emissions. Electrolysis hydrogen 
generated by using the U.S. average electricity mix and NG CC electricity also have high CH4 emissions. 
In the former case, a significant amount of CH4 emissions are generated during coal mining and 
electricity generation. In the later case, a significant amount of CH4 emissions are generated during NG 
recovery and transmission and during electricity generation. The high CH4 emissions for NG-based GH2 
and com-based ethanol are attributable to high WTT CH4 emissions. 



Figure 4-7 WTW CH 4 Emissions of 18 Vehicle/Fuel Systems (g/mi) 
4.1.7 N 2 O Emissions 


Figure 4-8 presents WTW N2O emissions for the 18 vehicle/fiiel systems. On a per-mile basis, com- 
ethanol’s N2O emissions are about ten times, and cellulosic ethanol's N2O emissions are about five times, 
those for most non-bioethanol systems. These results demonstrate the large contribution of N2O 
emissions from agriculture and the importance of including N2O emissions in WTW GHG emission 
estimates when bioethanol is involved. 
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Figure 4-8 WTW N 2 0 Emissions of 18 Vehicie/Fuel Systems (g/mi) 

4.1.8 Total/Urban VOC Emissions 

Figures 4-9 and 4-10 present WTW total and urban VOC emissions. VOC emissions are a precursor for 
ozone formation. VOC emissions here include all hydrocarbon species. We do not address ozone-forming 
potentials, which could vary significantly among different vehicle/fuel systems for a given level of total 
VOC emissions. 

In this study, total emissions of the five criteria pollutants include emissions occurring everywhere; urban 
emissions, a subset of total emissions, are those occurring within U.S. urban areas. For this study, total 
and urban emissions for the five criteria pollutants are determined by the locations of facilities. Urban 
areas here are consistent with the U.S. Bureau of the Census’ definition of metropolitan areas, with a 
population of over 125,000 in 1990. In our simulations, urban WTT emissions in g/mmBtu were 
estimated on the basis of the share of urban facilities vs. all facilities for production of a given fuel. The 
urban WTT emissions in g/mmBtu were then converted into g/mi with vehicle energy use rate in Btu/mi. 
On the other hand, total TTW emissions in g/mi were estimated directly with MOBILE or EMFAC for a 
given vehicle technology. Urban TTW emissions in g/mi were then estimated by multiplying the total 
TTW emissions by the urban VMT share of a vehicle. Urban WTW emissions were the sum of urban 
WTT and urban TTW emissions. Consequently, the calculated urban WTW emissions in g/mi in our 
study represent the emissions share in urban areas for a mile driven by a vehicle in both urban and 
nonurban areas (that is, a composite mile instead of a urban mile). If one intends to use the urban g/mi 
emission results from this study to estimate aggregated urban emissions of a vehicle during its lifetime, 
the total VMT, not urban VMT, of the vehicle should be used. 

Because population exposure is an important factor in assessing the health effects of criteria pollutants, 
the separation of emissions into total and urban emissions in the GREET model is intended to provide an 
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approximation of potential population exposure. A detailed health effects assessment of criteria pollutants 
requires separation of emissions by location (in finer resolutions than the total and urban emission 
separation used in this study), long-distance transport of emissions, residence time of pollutants in the air, 
simulations of atmospheric concentrations of pollutants (and formation of secondary pollutants such as 
ozone and acid rain), and population exposure of the atmospheric concentration of pollutants. The simple 
separation of urban emissions from total emissions here is the first step toward a full assessment of the 
human health effects of criteria pollutants. The separation is not intended to replace detailed health effects 
assessments of air pollution. 

Figure 4-9 shows three general tiers of VOC emissions for the 1 8 vehicle/fuel systems. The first tier, 
which has the highest total VOC emissions, includes the three bioethanol systems. The high total VOC 
emissions for the bioethanol systems are caused by two factors. First, ethanol is a volatile fuel — use of 
ethanol during the TTW stage results in a more evaporative emissions than those for diesel or gaseous 
fuels. Second, the WTT stage, especially ethanol plants, generate a large amount of VOC emissions. The 
second tier for total VOC emissions includes other volatile fuels such as gasoline and methanol. These 
fuels have high WTT and TTW VOC emissions primarily because of their evaporative emissions. The 
third tier, which has the lowest total VOC emissions, includes non-volatile fuels such as petroleum diesel, 
FT diesel, CNG, and hydrogen. These fuels have low WTT and TTW VOC emissions. The five direct- 
hydrogen FC systems (NG-based GH 2 and LH 2 and GH 2 from three electricity sources) have the lowest 
VOC emissions. Furthermore, the uncertainty lines superimposed on the bars in Figure 4-9 show that 
direct-hydrogen FCVs reduce the uncertainty range of emissions, as well as the magnitude of emissions, 
relative to ICEs, ICE hybrids, and fuel-processor FCVs. The relatively large uncertainty ranges for ICE- 
based technologies are caused by their on-road emissions variations (see Section 2), while hydrogen 
FCVs will have zero emissions in any case. 



Figure 4-9 WTW Total VOC Emissions of 18 Vehicle/Fuel Systems (g/mi) 
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Figure 4-10 shows WTW urban VOC emissions. In contrast to the total VOC emission results, the three 
bioethanol systems have urban VOC emissions comparable to those of the four gasoline-powered 
systems. Urban VOC emissions for bioethanol systems are much lower than total VOC emissions because 
most ethanol plants are (or will be) located in rural areas, where com and biomass feedstocks are 
produced. Diesel and CNG systems have lower urban VOC emissions. Direct-hydrogen FCVs have the 
lowest urban VOC emissions and the smallest uncertainty ranges. 

Because VOC evaporative emissions represent a large share of total VOC emissions for volatile fuels 
including gasoline, ethanol, and methanol, differences in fuel characteristics, such as volatility, have a 
major impact on the total VOC emissions of the 1 8 systems. 



Figure 4-10 WTW Urban VOC Emissions of 18 Vehicle/Fuel Systems (g/ml) 
4.1.9 Total/Urban CO Emissions 


Figures 4-11 and 4-12 show WTW total and urban CO emissions. CO air pollution was a major urban air 
pollution concern until the middle of the 1 990s. Since then, vehicular CO emissions have been reduced 
dramatically in U.S. cities, most of which have become CO attainment areas. As a result, the focus of 
U.S. motor vehicle emissions regulations has shifted to controlling other pollutants such as NO x and 
PM, 0 . 

ICE-based technologies, except for hydrogen-fueled ICEs, have the highest total CO emissions. Onboard 
fuel-processor FCVs have the next-highest total CO emissions. Direct-hydrogen FCVs have the lowest 
CO emissions. 
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Figure 4-11 WTW Total CO Emissions of 18 Vehicle/Fuel Systems (g/mi) 



Figure 4-12 WTW Urban CO Emissions of 18 Vehicie/Fuel Systems (g/mi) 
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A distinct result, shown in Figure 4-11, is that almost all WTW CO emissions are produced during the 
TTW stage. Another noticeable result is that WTW CO emissions of ICE-based technologies and onboard 
fuel-processor FCVs are subject to great uncertainty because WTW CO emissions for these technologies 
are primarily from vehicle operations whose emissions are subject to great uncertainties (see Section 2). 

Urban CO emissions are primarily driven by TTW vehicular CO emissions. Because of this, the patterns 
of urban CO emissions among the 18 vehicle/fuel systems are similar to those of total CO emissions. 
However, the amount of urban CO emissions is significantly lower than that of total CO emissions for a 
given technology because some of the total VMT (28%) by a given vehicle technology are in rural areas; 
consequently, some of the vehicular CO emissions are non-urban CO emissions. 

Similar to VOC emissions results, direct-hydrogen FCVs are shown to have the lowest levels and the 
smallest uncertainty ranges for CO emissions. 

4.1.10 Total/Urban NO x Emissions 

Figures 4-13 and 4-14 present WTW total and urban NO x emissions for the 18 vehicle/fuel systems. 
Figure 4-13 shows that the six petroleum-based systems have similar total NO x emission levels, with the 
exception that gasoline-fueled FCVs have fewer NO x emissions than do the other five systems. The 
similar levels of total NO x emissions are a result of similar WTT and TTW NO x emissions, with the 
exception that gasoline-fueled FCVs generate fewer TTW NO x emissions. The similar TTW NO x 
emissions for the five ICE-based technologies are a result of our assumption that all ICE technologies will 
meet the NO x emission standard for EPA’s Tier 2 Bin 5 vehicle category. 

Of the six NG-based systems, the NO x emissions from CNG vehicles are lower than those of the baseline 
gasoline ICE technology because CNG WTT NO x emissions are lower than gasoline and diesel WTT 
NO x emissions. On the other hand, NO x emissions from FT diesel Cl ICE and hydrogen SI ICE (meeting 
Bin 5 NO x standard) are higher than those of the baseline gasoline ICE technology because a significant 
amount of NO x emissions are generated during production and transportation of FT diesel and production 
and compression of GH 2 . Of the WTW total NO x emissions for FT diesel Cl ICE, TTW (vehicular) 
emissions account for 44%, cross-ocean transportation of FT diesel for 27%, and FT diesel production for 
18%. 

Table 4-3 lists the shares of total and urban NO x emissions associated with hydrogen-fueled ICEs and 
FCVs. Depending on the production pathway selected, hydrogen production, compression, or liquefaction 
could account for a large amount of the WTW NO x emissions. 

Total NO x emissions from methanol-powered FCVs are similar to those of baseline gasoline technology 
even though onboard methanol fuel processors have somewhat lower NO x emissions than gasoline 
engines. This is because high NO x emissions occur during methanol production. Both direct GH 2 and 
direct LH 2 FCVs have total NO x emissions that are lower than those of the baseline gasoline technology 
because FCV operation generates zero emissions. 

Of the six bioethanol- and electricity-based systems, the three bioethanol systems and GH 2 derived from 
U.S. average electricity result in much greater total NO x emissions than the baseline gasoline technology. 
The increases are caused by dramatically high WTT total NO x emissions for biocthanol and GH 2 . For 
bioethanol pathways, increased WTT NO x emissions are from farming activities, nitrification and 
denitrification of nitrogen fertilizer in agricultural fields, and from com and cellulosic ethanol plants. The 
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Figure 4-13 WTW Total NO x Emissions of 18 Vehicle/Fuel Systems (g/mi) 



Figure 4-14 WTW Urban NO x Emissions of 18 Vehicie/Fuel Systems (g/mi) 
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Table 4-3 Shares of NO, Emissions by Hydrogen Production, Compression, and Liquefaction for 
Hydrogen-Fueled ICEs and FCVs a 




Total NO* Emissions 




Urban NO* 

Emissions 




Share, % 





Share, % 


Production 

Method/ 

Propulsion WTW, 
Type spm 

TTW 

H 2 

Production 

h 2 

Compression 

or 

Liquefaction 

Other 

WTW, 

gpm 

TTW 

h 2 

Compression 
H 2 or 

Production Liquefaction 

Other 

NA NG Central GH 2 










ICE 0.507 

30.6 

23.4 

23.4 

22.6 

0.169 

61.5 

17.4 

13.1 

7.9 

FCV 0.21 

0.0 

33.7 

33.8 

32.6 

0.036 

0.0 

45.3 

34.2 

20.5 

NA NG Central LH 2 










ICE 0.828 

21.8 

16.7 

49.8 

11.7 

0.158 

65.7 

7.6 

24.1 

2.7 

FCV 0.328 

0.0 

21.4 

63.7 

14.9 

0.03 

0.0 

22.1 

70.1 

7.8 

NA NG Station GH 2 










ICE 0.519 

34.5 

32.7 

20.8 

12.0 

0.213 

50.7 

39.4 

B.5 

1.3 

FCV 0.175 

0.0 

49.9 

31.8 

18.3 

0.055 

0.0 

80.0 

17.3 

2.7 

NA NG Station LH 2 










ICE 1.291 

13.9 

13.2 

67.9 

5.0 

0.352 

31.6 

24.5 

42.8 

1.1 

FCV 0.56 

0.0 

15.3 

78.9 

5.8 

0.123 

0.0 

35.9 

62.6 

1,5 

Electrolysis GH 2 : U.S. Electricity Generation Mix 








ICE 2.616 

6.7 

89.2 

4.1 

0.0 

0.538 

20.6 

75.9 

3.5 

0.0 

FCV 1.228 

0.0 

95.7 

4.4 

0.0 

0.211 

0.0 

95.7 

4.4 

0.0 

Electrolysis IH 2 : U.S. Electricity Generation Mix 








ICE 3.442 

5.2 

68.7 

25.3 

0.8 

0.677 

16.4 

60.5 

22.3 

0.7 

FCV 1.638 

0.0 

72.4 

26.7 

0.9 

0.283 

0.0 

72.4 

26.7 

0.9 


“ Hydrogen ICEs here are to meet Bin 5 NO, emission standard. 


increased WTT NO x emissions for the electrolysis GH 2 pathway are from NO x emissions from fossil- 
fiiel-powered electric power plants. Because NG CC electric power plants are efficient and clean, GH 2 
derived from NG CC-based electricity actually results in reductions in total NO x emissions, although a 
large uncertainty range is associated with NO x emissions for this pathway. Renewable electricity-based 
GH 2 has zero total NO x emissions. As mentioned earlier, this study includes operation-related emissions; 
infrastructure-related emissions are excluded. 

The results of WTW total NO x emissions for the 1 8 systems show that the WTT stage accounts for a 
larger share of WTW NO x emissions than does the TTW stage, because future vehicle technologies will 
be designed to meet the stringent NO x emission standards of EPA’s motor vehicle Tier 2 standards. If 
total NO x emissions are to be reduced, WTT NO x emissions will need to be addressed. 

Figure 4-14 shows WTW urban NO x emissions of the 18 vehicle/fuel systems. Urban NO x emissions are 
60-80% lower than total NO x emissions for most of the systems. Urban NO x emissions for all the 
systems except for the five direct-hydrogen FCV technologies are dominated by WTT urban NO x 
emissions. Of the five direct-hydrogen FCV systems, NG-based GH 2 and LH 2 and electrolysis hydrogen 


101 




233 


derived from NG CC and renewable electricity help reduce urban NO x emissions. Onboard fuel- 
processor-equipped FCVs achieve moderate urban NO x emission reductions. ICE-based technologies 
generally have similar urban emissions. The U.S. average electricity-based GH 2 FCVs could result in 
increased urban NO x emissions. 

The significantly high urban WTT NO x emissions for the six petroleum-based systems are attributable to 
the fact that a significant number of U.S. petroleum refineries are located within urban areas — in fact, 
we estimated that 67% of the U.S. refinery capacity is located within U.S. urban areas. NO x emissions 
from these refineries are counted as urban NO x emissions. On the other hand, plants for FT diesel, 
methanol, hydrogen, and ethanol production are generally located outside of urban areas. Nationwide, we 
estimated that 39% of oil-fired electric power plant capacity, 43% of NG-fired capacity, and 1 6% of coal- 
fired capacity are located within U.S. urban areas. NO x emissions from these urban power plants 
contribute to the high WTT urban NO x emissions from electricity-derived hydrogen pathways. To control 
urban NO x emissions, consideration needs to be given to locating facilities in areas farther away from 
urban areas. In fact, this has been done in some of the major U.S. cities in the past in order to control 
urban emissions. 

Although both total and urban WTW NO x emissions are subject to uncertainties, the uncertainties with 
urban NO x emissions are much greater than those with total NO x emissions. This is primarily driven by 
the great uncertainty in TTW NO x emissions during vehicle operations. That is, although future ICE 
technologies will meet stringent Tier 2 NO x standards, MOBILE and EMFAC models predict that ICE 
technologies will continue to be subject to on-road emission deteriorations and malfunctioning. However, 
it is anticipated that the degree of uncertainties in emissions for future vehicles will be less than that for 
past and current vehicles because technologies such as OBD systems and others will be able to reduce the 
number of high emitting vehicles. 

4.1.11 Total/Urfoan PM 10 Emissions 

Figures 4-15 and 4-16 present WTW total and urban PM 10 emissions for the 18 vehicle/fuel systems. As 
Figure 4-15 shows, the U.S. average electricity-derived GH 2 FCVs increase total PM 10 emissions by 
about ten times over the emissions of the baseline gasoline technology. This is because (1) more than 50% 
of U.S. electricity is generated in coal-fired power plants, which have high PM 10 emissions; and (2) PM 10 
emissions associated with coal mining and cleaning are high. On the other hand, when NG CC or 
renewable electricity is used to produce GH 2 , total PMm emissions are actually reduced. 

E85 vehicles fueled with ethanol from corn have the next-highest total PM 10 emissions because farming 
equipment (such as diesel tractors) and ethanol plants produce a large amount of PMjo emissions. Note 
that PM 10 emissions from agricultural field dusts are not included in estimates of ethanol PM 10 
emissions. The two cellutosic ethanol systems (ICE and fuel-cell technology) have relatively high PM 10 
emissions, again because of high PM 10 emissions from farming equipment and cellulosic ethanol plants 
(although, in this case, the share of fanning equipment’s PM 10 emissions is smaller because fewer 
farming activities are involved in biomass fanning than in com farming). 

Table 4-4 presents shares of the PM 10 emissions for hydrogen-fueled ICEs and FCVs. Similar to NO x 
emissions, hydrogen production, compression, or liquefaction can account for a large amount of the 
WTW PM 10 emissions, depending on the hydrogen production pathways. 
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Figure 4-15 WTW Total PM 10 Emissions of 18 Vehicle/Fuel Systems (g/mi) 



Figure 4-16 WTW Urban PMio Emissions of 18 Vebicle/Fuel Systems (g/mi) 
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Table 4-4 Shares of PM-m Emissions by Hydrogen Production, Compression, and Liquefaction for 
Hydrogen-Fueled ICEs and FCVs 




Total PM 10 Emissions 




Urban PM- 

l0 Emissions 




Share, % 





Share, % 


Production 



H, 







Method/ 



Compression 





Compression 


Propulsion WTW, 


H, 

or 


WTW, 


H, 

or 


Type gpm 

PTW 

Production 

Liquefaction 

Other 

gpm 

PTW 

Production Liquefaction 

Other 

NA NG Central GH 2 










ICE 0.186 

16.7 

30.2 

46.5 

6.7 

0.035 

55.3 

39.4 

4.2 

1.0 

FCV 0.097 

19.1 

29.3 

45.1 

6.5 

0.02 

59.4 

35.8 

3.8 

0.9 

NA NG Central LH 2 










ICE 0.102 

31.1 

56.5 

6.4 

6.0 

0.025 

74.8 

21.4 

2.5 

1.4 

FCV 0.055 

34.9 

53.4 

6.1 

5.6 

0.015 

77.8 

18.8 

2.2 

1.2 

NA NG Station GH 2 










ICE 0.188 

16.5 

45.5 

36.3 

1.7 

0.063 

31.2 

66.7 

1.9 

0.1 

FCV 0.098 

19.0 

44.1 

35.3 

1.6 

0.034 

35.0 

63.1 

1.8 

0.1 

NA NG Station LH 2 










ICE 0.655 

4.6 

12.7 

82.1 

0.6 

0.071 

27.4 

58.6 

13.4 

0.7 

FCV 0.333 

5.4 

12.6 

81.4 

0.6 

0.038 

30.9 

55.8 

12.7 

0,6 

Electrolysis GH 2 : U.S. Electricity Generation Mix 








ICE 1.566 

1.9 

93.8 

4.3 

0.0 

0.046 

42.0 

55.5 

2.5 

0.0 

FCV 0.795 

2.3 

93.5 

4.3 

0.0 

0.025 

46.1 

51.6 

2.4 

0.0 

Electrolysis LH 2 : U.S. Electricity Generation Mix 








ICE 2.078 

1.5 

71.4 

26.3 

0.9 

0.055 

35.4 

46.8 

17.2 

0.6 

FCV 1.052 

1.7 

71.2 

26.2 

0.9 

0.029 

39.3 

44.0 

16.2 

0.5 


Of the six NG-based systems, GH2 ICEs result in increased PM10 emissions because of the high WTT 
total PM10 emissions, which are, in turn, caused primarily by electricity use for GH2 compression (we 
assumed that U.S. average electricity would be used for hydrogen compression). On the other hand, the 
increase in PM10 emissions by GH2 FCVs is smaller than that for GH2 ICEs because efficient FCVs 
require less GH2 per mile than ICEs. The increase in PM|o emissions by CNG vehicles is caused by 
electricity use for NG compression. The increase by FT diesel ICEs is attributable to PM 10 emissions 
from production and across-ocean transportation of FT diesel (we assumed that FT diesel would be 
produced outside of North America with non-North American NG). The relatively small PM ■ q emissions 
for LH2 FCVs are a result of NG being the sole energy source for hydrogen production and liquefaction. 
That is, U.S. average electricity was not used in the LH2 pathway. 

Figure 4-15 shows that all 18 systems have TTW PM 10 emissions. This is because our estimates of TTW 
PM 10 emissions include tailpipe exhaust emissions (zero for direct-hydrogen FCVs) and brake and tire 
wear PM10 emissions (see Section 2 ). 

Among the six petroleum-based systems, total PM 10 emissions are similar. 
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Figure 4-16 shows WTW urban PMio emissions for the 18 systems, which are a small fraction of WTW 
total PMio emissions. Because electricity is used to compress GH 2 , use of GH 2 ICEs result in increased 
urban PMio emissions. As noted in a previous section, a large percentage of U.S, electric power plants are 
located within urban areas. Similarly, FCVs with GH 2 from U.S. average electricity have high urban 
PMio emissions. Except from GH 2 -based systems, WTT emissions account for the majority of WTW 
urban PMio emissions. Brake and tire wear are responsible for WTT urban PMio emissions from direct- 
hydrogen FCVs. Inclusion of brake and tire wear PMio emissions causes smaller variations in WTW 
PMio emissions among the 18 systems. 

4.1.12 Total/Urban SO* Emissions 

Figures 4-17 and 4-18 present WTW total and urban SO* emissions, respectively, for the 18 systems. For 
total SO x emissions, use of U.S. average electricity for GH 2 production via electrolysis results in huge 
increase in SO x emissions. However, if NG CC or renewable electricity is used for hydrogen production, 
SO x emissions could remain the same or decrease, relative to the emissions of the baseline gasoline ICE 
technology. Com ethanol ICEs and NG-based GH 2 ICEs could result in increased total SO x emissions. In 
the former case, the increase is caused by SO x emissions from farming equipment and in ethanol plants. 
In the latter case, the increase is caused by the use of electricity for hydrogen compression. Other 
technologies have similar total SO x emissions. 

Figure 4-18 shows WTW urban SO x emissions, which are dominated by WTT urban SO x emissions. This 
is because, for our simulation target year of 2016, fuel sulfur content will be 30 and 15 ppm in gasoline 
and diesel, respectively. Consequently, TTW SO x emissions, which are formed from sulfur in a fuel, will 



Figure 4-17 WTW Total SO x Emissions of 1 8 Vehicle/Fuel Systems (g/mf) 
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Figure 4-18 WTW Urban SO, Emissions of 18 Vehicle/Fuel Systems (g/mi) 

be minimal in the future. Again, use of U.S. average electricity for hydrogen production results in huge 
urban SO, emissions (because a large percentage of U.S. electric generation capacity occurs within U.S. 
urban areas). 

Of the six petroleum-based systems, WTW urban SO, emissions (virtually WTT urban emissions) are 
about the same. Six systems (FT diesel ICEs, methanol FCVs, LH 2 FCVs, cellulosic ethanol ICEs, 
cellulosic FCVs, and renewable electricity-derived GH 2 FCVs) have almost zero WTW urban SO, 
emissions. This is because (1) the WTT stage generates zero SO, emissions (in the case of renewable 
electricity-derived GH 2 ) or (2) SO, emissions occur outside of U.S. urban areas (in the case of the other 
five systems). 

4.2 Specific Issues: Well-to-Wheels Results for Selected Vehicle/Fuel 
Systems 

Section 4.1 presents results for all 17 items analyzed in this study for a set of 18 representative 
vehicle/fuel systems (of a total of 124 systems analyzed). The purpose of Section 4.1 was to provide 
general comparisons of advanced vehicle technologies and new transportation fuels. Many WTW studies 
have examined some specific issues. With the large amount of data generated from GREET simulations 
of the 124 vehicle/fuel systems, some specific issues of interest could be analyzed in detail. This section 
presents comparisons of the vehicle/fuel systems analyzed, with a focus on some specific issues: type of 
energy source; GHG, CO 2 , CH 4 , and N 2 O emissions, vehicle hybridization benefits; use of NA and NNA 
NG for fuel production; benefits of hybridization of ICE and fuel cell technologies; and comparisons of 
hydrogen production pathways, renewable vs. nonrenewable fuels, and selected NG-based fuel pathways. 
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4.2.1 WTW Energy Use Results by Type of Energy Sources 

In Section 4.1, we presented, for 18 vehicle/fuel systems, WTW total energy use, fossil energy use, and 
petroleum energy use separately in Figures 4-1, 4-3, and 4-4. We emphasized that, when renewable 
energy sources are involved, total energy use may not provide meaningful results when comparing the 
energy effects associated with different vehicle/fuel systems. To clearly demonstrate differences in energy 
use results by the three energy types (total energy [TE], fossil energy [FE], and petroleum energy [PE]), 
Figure 4-19 presents energy use by the three types of energy together for 15 selected vehicle/fuel systems. 

Of the six selected petroleum-based systems, the patterns in energy use changes are similar for total 
energy use, fossil energy use, and petroleum use. Use of the results for any of the three energy types 
would lead to similar conclusions concerning the energy effects of the six petroleum-based technologies. 

Of the six selected NG-based systems, the results for total energy use and fossil energy use are similar. 
This is because, for these pathways, the majority (if not all) of the energy consumption is derived from 
NG, which is accounted for in calculations of both total energy use and fossil energy use. However, if 
researchers are interested in the potential petroleum displacement by these six systems, they need to 
concentrate on the results of WTW petroleum energy use. Not surprisingly, all six NG-based systems 
almost eliminate petroleum energy use, even though some of the systems have total energy use and fossil 
energy use results similar to those for the baseline gasoline ICE. 

The results for the two bioethanol systems and one electrolysis GH 2 system show the distortion of energy 
impacts if only total energy results are presented. Although bioethanol, especially cellulosic ethanol, has 
higher total energy use than the baseline gasoline ICE, bioethanol actually reduces fossil energy use and 
petroleum energy use significantly. If depletion of energy resources is a concern, we should focus on the 
fossil energy use results. If a reduction in petroleum use is a major U.S. goal, we should focus on the 
results of petroleum use. For GHj produced with U.S. average electricity, while the difference between 
total energy use and fossil energy use is small, the difference between the two on the one hand and 
petroleum use on the other hand is huge. 

Some past WTW studies presented WTW energy efficiencies for various vehicle/fuel systems. The 
efficiencies in those studies were generally based on total energy use. In Section 4.1, we questioned the 
validity of including renewable energy in comparing renewable and non-renewable energy sources. 
Figure 4-2 showed the arbitrary nature of accounting for Btus when different primary energy sources are 
involved. WTW energy efficiencies based on total energy use for renewable energy (such as bioethanol) 
could be very low, but such efficiencies may be misleading about the true energy effects of renewable 
energy. 

On the other hand, some researchers may suggest that energy efficiencies for vehicle/fuel systems could 
be calculated from fossil energy use. While the results based on fossil energy use may accurately reflect 
the advantage of the “renewable” nature of renewable energy, such efficiencies could exceed 100%. 
Without careful examination, readers could immediately question the seemingly counterintuitive results. 
But in fact, the over-100% efficiencies based on fossil energy use should be interpreted as the 
enhancement factor of renewable energy in terms of extending fossil energy use. 

Researchers face another technical challenge in calculating WTW energy efficiency — comparing the 
TTW efficiencies of vehicles with different sizes and weights. Two vehicles could have the same TTW 
energy efficiency, but one could be much heavier than the other. A result showing the same efficiency for 
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the two vehicles does not reveal the fact that the heavier vehicle could consume much more energy per 
mile driven than the lighter vehicle. 

Because of these problems, we have not calculated WTW energy efficiencies (based on either total energy 
use or fossil energy use) for the vehicle/fuel systems that we evaluated in this study. Instead, we present 
per-mile energy use for the three energy types. We believe that this method provides readers with more 
meaningful results concerning the energy effects of advanced vehicle technologies and new transportation 
fuels. But we do present WTT efficiencies for fuel production pathways in Appendix D and TTW 
efficiencies for vehicle propulsion systems in Section 3 for information purposes. These efficiencies were 
calculated from total energy use results. 

4.2.2 WTW Emissions of GHGs, C0 2 , CH 4 , and N 2 0 

Figures 4-5 through 4-8 in Section 4. 1 present emissions of GHGs, CO 2 , CH 4 , and N 2 0 separately for the 
18 vehicle/fuel systems. We demonstrated there that a complete assessment of GHG emission impacts of 
vehicle technologies fueled with different fuels requires inclusion of C0 2 , CH 4 , and N 2 0 emissions. To 
provide a clear comparison of the impacts of different GHGs, we present, for nine selected vehicle/fuel 
systems, emission results of GHGs (GWP-weighted C0 2 , CH 4 , and N 2 0) and C0 2 together in 
Figure 4-20. Of the nine systems, the increases from C0 2 emissions to C0 2 -equivalent GHG emissions 
are not proportional. In particular, the increases for com ethanol, cellulosic ethanol, and CNG systems are 
higher than for the other six systems. 

Figure 4-21 shows emissions of CH 4 and N 2 0 emissions for the nine selected systems. CH 4 emissions 
from CNG ICEs are significantly higher than those from other systems. The CH 4 emissions for CNG 
ICEs are generated during NG recovery, processing, and transmission. The U.S. average electricity-based 
GH 2 FCVs have relatively high CH 4 emissions because of CH 4 emissions that occur during coal mining. 

The results for N 2 0 emissions show that the two bioethanol systems have dramatically higher N 2 0 
emissions than the other seven systems. The N 2 0 emissions for bioethanol are from nitrification and 
denitrification of nitrogen fertilizer in agricultural fields. 

Figures 4-20 and 4-21 show the need to include CH 4 and N 2 0 emissions in evaluating different 
transportation fuels, including CNG and ethanol. Some past studies included C0 2 emissions only in 
evaluating the climate change impacts associated with various vehicle/fuel systems. Exclusion of CH 4 
and N 2 0 emissions gives CNG and ethanol additional benefits that are not warranted. Furthermore, 
because of the distortion by CH 4 and N 2 0 emissions among fuel types, patterns of relative GHG emission 
rankings of vehicle/fuel systems could be different from patterns of relative fossil fuel use rankings. Thus, 
GHG emissions and fossil fuel use need to be estimated separately in order to address both energy and 
GHG emission impacts of vehicle technologies and fuels. Fossil energy use results may not be a good 
surrogate for GHG emissions, especially when CNG and bioethanol are involved in the comparisons. 

4.2.3 Benefits of Vehicle Hybridization 

This study includes three vehicle power plant technologies: SI engine, Cl engine, and fuel cell. For each 
technology, we simulated conventional drive and hybrid electric vehicle configurations. We presented the 
fuel economies for different vehicle technologies in Section 3. We showed that the shift from a CD 
configuration to an HEV configuration for the same power plant technology helps improve vehicle fuel 
consumption. In Figures 4-22 through 4-25, we present the impacts of the improved fuel consumption 
achieved via vehicle hybridization on WTW energy and emission results. 
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Figure 4-20 WTW GHG and C0 2 Emissions of Nine Vehicle/Fuel Systems (C0 2 -equivaient g/mi) 



Figure 4-21 WTW CH 4 and N 2 0 Emissions of Nine Vehicle/Fuel Systems (g/mi) 
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We selected 14 pairs of vehicle/fuel systems. Each pair consists of the CD and HEV configuration. 
Figure 4-22 presents WTW total energy results, Figure 4-23 fossil energy use, Figure 4-24 GHG 
emissions, and Figure 4-25 urban NO* emissions. 

The results show that vehicle hybridization helps reduce total and fossil energy use and GHG emissions. 
Figures 4-22 through 4-24 show that hybridization achieves larger reductions in per-mile energy use and 
GHG emissions for ICE technologies than it does for fuel cell systems. This is because, as discussed in 
Section 3, hybridization of ICEs achieves larger fuel consumption reductions than hybridization of FC 
systems. While WTW results here show that hybridization is more effective in reducing energy use and 
GHG emission with ICE systems, we realize that, in reality, the decision to hybridize FCVs will be made 
on the basis of costs, as well as energy and GHG emission benefits. 

Figure 4-25 shows the impacts of hybridization on WTW urban NO* emissions for the 14 selected 
systems. Except for GH 2 FCVs with U.S. average electricity, hybridization has little effect on urban NO* 
emissions, primarily because WTW urban NO* emissions are dominated by TTW NO* emissions, which 
are regulated on a per-mile basis and are independent of the reductions in vehicle fuel consumption 
resulting from hybridization. For the electrolysis GIG system, reduction in energy use causes a reduction 
in per-mile NO* emissions attributable to electric power plants. 

4.2.4 Effects of Use of NA and NNA NG for Fuel Production 

In the past 20 years, demand for NG in the United States has steadily increased. The NG supply in North 
America is already tight and will continue to be so in the future. If there is a large U.S. demand for NG- 
based transportation fuels (such as hydrogen, methanol, FT diesel, etc.), NG feedstocks could likely come 
from regions outside of North America. In this study, we analyzed WTW energy and emission impacts of 
producing transportation fuels from NA NG vs. from NNA NG. 

Figures 4-26 through 4-30 present WTW energy and emission changes from NA NG to NNA NG for 
production of CNG, central GH 2 , station GH 2 , central LH 2 , and station LH 2 . The four hydrogen 
production options are applied to both SI engine-powered HEVs and FC-powered HEVs. In all cases, use 
of NNA NG in place of NA NG results in increased energy use and GHG emissions. But relative to fuel 
options and vehicle technologies, the increases attributable to the NG feedstock change are moderate. In 
addition, the five figures show the distinct energy use and GHG emissions reduction benefits of using fuel 
cell hybrid technologies relative to ICE hybrid technologies. 

Figures 4-29 and 4-30 show WTW total and urban NO* emissions for the pairs of vehicle/fuel systems 
with NA NG and NNA NG feedstocks. Total NO* emissions are increased from NA NG to NNA NG 
when the same fuel is applied to a given technology. Total NO, emissions from ICE technologies are 
significantly higher than those from fuel cell technologies. The uncertainty level of total NO* emissions 
for hydrogen-fueled vehicle technologies is high, mainly because of the uncertainty surrounding NO, 
emissions from hydrogen production and hydrogen combustion in ICEs. On the other hand, the level of 
WTW urban NO* emissions is significantly lower than that of WTW total NO* emissions. Figure 4-30 
also shows that a switch from NA NG to NNA NG does not necessarily result in increased urban NO, 
emissions because some of the NO* emissions associated with NNA NG-based fuel production could 
occur outside of North America, and thus outside of U.S. urban areas. 

The results for urban NO, emissions in Figure 4-30 indicate two distinct trends. First, direct-hydrogen 
fuel cell technologies have much lower urban NO, emissions than hydrogen ICE technologies because 
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Figure 4-26 WTW Effects of North American NG vs. Non-North American NG: Total Energy Use (Btu/mi) 



Figure 4-27 WTW Effects of North American NG vs. Non-North American NG: Fossil Energy Use (Btu/mi) 
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Figure 4-29 WTW Effects of North American NG vs. Non-North American NG: Total N0 X Emissions (g/mi) 
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the former eliminates TTW NO x emissions. Second, direct-hydrogen fuel cell technologies are subject to 
less uncertainty in WTW urban NO x emissions than hydrogen ICE technologies, primarily because a 
great deal of uncertainty is involved in TTW NO x emissions for hydrogen ICE technologies. 

4.2.5 WTW Energy and Emission Reduction Benefits of ICE HEVs and 
Fuel Cell HEVs 

Figures 4-31 through 4-36 present comparisons of WTW energy and emission results of ICE HEVs and 
fuel cell HEVs. We selected 25 vehicle/fuel systems for the comparison of ICE and fuel cell hybrid 
technologies. Of the 25 systems, there are nine pairs of ICE and fuel cell HEVs (gasoline, FT diesel and 
FT naphtha, NG-based GH 2 , NG-based LH 2 , cellulosic ethanol, electrolysis GH 2 produced with U.S. 
average electricity, electrolysis LH 2 produced with U.S. average electricity, electrolysis GH 2 produced 
with NG CC electricity, and electrolysis LH 2 produced with NG CC electricity). Within each pair, the 
fuel cell power plant shows reduced energy use and GHG emissions relative to the ICE power plant 
because the former is more efficient than the latter. 

Researchers have debated in some completed WTW studies whether fuel cell technologies are more 
efficient than diesel HEVs. Our results, illustrated in Figures 4-31 and 4-32, show that fuel cell HEVs 
fueled with gasoline, methanol, and NG-based GH 2 require less WTW total energy and fossil energy than 
diesel HEVs. Cellulosic-ethanol-fueled fuel cell HEVs have higher WTW total energy use, but lower 
WTW fossil energy use, than diesel HEVs. However, if hydrogen is produced via electrolysis pathways, 
fuel cell HEVs could consume more energy than diesel HEVs. The relative differences in GHG emissions 
between diesel HEVs and FCVs, shown in Figure 4-33, are similar to energy use differences. A notable 
exception is the ethanol-fueled fuel cell HEV, which has lower GHG emissions, but higher energy 
consumption, than diesel HEVs. 

Figures 4-34 through 4-36 present the WTW urban emissions of VOCs, NO x , and PMio- For each pair of 
ICE and fuel cell power plants, the fuel cell technology has consistently lower emissions of the three 
pollutants (except for VOC emissions of FT diesel and naphtha; naphtha is more volatile than diesel). 

Between diesel HEVs and fuel cell HEVs, fuel cell HEVs fueled with volatile fuels such as gasoline, 
methanol, and ethanol have higher WTW VOC emissions than diesel HEVs, because of evaporative 
emissions from the volatile fuels. For WTW urban NO x emissions, except for fuel cell HEVs fueled with 
U.S. average electricity-derived hydrogen, fuel cell HEVs have lower NO x emissions than diesel HEVs. 
For WTW urban PM|o emissions, except for fuel cell HEVs fueled with electrolysis hydrogen, fuel cell 
HEVs have lower PM 10 emissions than diesel HEVs. However, the differences in urban PM 10 emissions 
between diesel HEVs and fuel cell HEVs are small because of the dilution effect of including brake and 
tire wear PM 10 emissions, which were assumed to be the same for all vehicle/fuel systems. 

Our results show that, in most cases, fuel cell HEVs consume less energy and generate fewer emissions 
than diesel HEVs. Furthermore, for the same fuel pathway, the fuel cell power plant is always more 
efficient and less polluting than the ICE power plant. Furthermore, FCVs, especially those powered with 
hydrogen, offer the opportunity for the U.S. transportation sector to switch from petroleum-based gasoline 
and diesel to different transportation fuels. 
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4.2.6 Comparisons of Hydrogen Production Pathways 

Among the 124 vehicle/fuel systems evaluated in this study, 97 are fueled with hydrogen. To demonstrate 
the WTW energy and emission effects of the different hydrogen production pathways, Figures 4-37 
through 4-41 present WTW results for 25 hydrogen-fueled systems together with the results of the 
baseline gasoline ICE technology. Each figure is organized into four groups: central hydrogen production 
for ICE applications, refueling station hydrogen production for ICE applications, central hydrogen 
production for non-hybrid fuel cell applications, and refueling station hydrogen production for non-hybrid 
fuel cell applications. 

Of the 25 hydrogen vehicle/fuel systems, there are 12 pairs of GH2- and LH 2 -fueled systems for which 
the production pathways are the same (GH 2 and LH 2 in each pair are arranged next to each other in 
Figures 4-37 through 4-41). For each pair. Figures 4-37 through 4-39 show that the GH 2 -fueled systems 
always have lower WTW energy use, GHG emissions, and total NO x emissions than the LH 2 -fueled 
systems. This is caused by the relatively large energy loss that occurs during hydrogen liquefaction with 
the LH 2 production options. However, Figures 4-40 and 4-41 show that levels of WTW urban emissions 
of NO x and PM 10 could be mixed between GH 2 and LH 2 . For example, 4 out of the 12 pairs show that a 
GH 2 -fueled system actually has higher urban NO x and PM 10 emissions than the comparable LH 2 -fueled 
system. These pairs include central production of GH 2 and LH 2 with NA NG and NNA NG for ICE and 
fuel cell applications. In all these cases, while LH 2 is produced in central plants outside of urban areas, 
GH 2 is compressed at refueling stations with U.S. average electricity, which involves a significant amount 
of urban NO x and PM 10 emissions. If electricity generated in less-polluting electric power plants located 
outside of U.S. urban areas is used for GH 2 compression, a GH 2 -fueled system would have fewer WTW 
urban NO x and PM 10 emissions than the comparable Lfy-fueled system. 

If NG is the feedstock for hydrogen production, hydrogen could be produced in central plants and 
transported to refueling stations for vehicle use. Alternatively, hydrogen could be produced in refueling 
stations to avoid the need for inadequate, expensive hydrogen transportation and distribution 
infrastructure. For hydrogen production from electricity via electrolysis, we assumed that electricity is 
transmitted to refueling stations, where hydrogen is produced. In fact, avoiding the need for hydrogen 
transportation and distribution infrastructure by using electrolysis hydrogen production at refueling 
stations is a distinct advantage of electrolysis hydrogen production options. Between central and refueling 
station production of hydrogen from NG, Figures 4-37 through 4-39 show that central production of GH 2 
has very small benefits in reducing WTW energy use and emissions. The differences in energy use and 
emissions between central and refueling station production for LH 2 are quite noticeable. 

Section 4.2.4 described the energy and emission differences between using NA NG and NNA NG to 
produce transportation fuels. Figures 4-37 through 4-41 show again that NNA NG-based hydrogen 
production has somewhat larger WTW energy use and emissions than NA NG-based hydrogen 
production. 

The results illustrated in Figures 4-37 through 4-41 show that, for refueling station hydrogen production, 
electrolysis hydrogen produced with U.S. average electricity has higher energy use and emissions than 
those associated with station SMR hydrogen production from NG. As emphasized in previous sections, 
electricity sources for electrolysis hydrogen are the key factor in determining its energy and emission 
effects. If clean, renewable electricity is used to generate hydrogen in refueling stations, electrolysis 
hydrogen will indeed achieve large energy and emission reduction benefits. 
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The results here show that LH 2 pathways are less efficient and potentially more polluting than GH 2 
pathways. But the choice between GH 2 or LH 2 may be determined primarily by hydrogen storage 
technologies, discussion of which is beyond the scope of this study. 

The increase in energy use and emissions from central production to refueling station production are 
small for GH 2 and moderate for LH 2 . It appears that energy and emission impacts may not be a key factor 
in determining whether to use central or refueling station hydrogen production. The economics and 
availability of a hydrogen transportation and distribution infrastructure will be likely be the key factor for 
that decision. However, moving hydrogen production from central plants to refueling stations will move 
emissions of criteria pollutants closer to the population. 

4.2.7 Comparisons of Renewable Fuels and Non-Renewable Fuels 

Of the 124 vehicle/fuel systems analyzed in this study, eight are fueled with renewable fuels (seven with 
bioethanol and one with renewable electricity-based GH 2 ). Figures 4-42 through 4-46 present WTW 
energy and emission results of the eight renewable fuel-based systems, together with eight non-renewable 
fuel-based systems for similar vehicle technologies. Although Figure 4-42 shows that renewable fuels 
generally have higher WTW total energy use than non-renewable fuels, a significant portion of the total 
energy use by renewable fuel systems is indeed renewable energy. When results of WTW fossil energy 
use between renewable and non-renewable fuels are compared (such comparison is more appropriate than 
the comparison of total energy use), Figure 4-43 shows that renewable fuels achieve large reductions in 
WTW fossil energy use relative to those of non-renewable fuels. 

The GHG emission results in Figure 4-44 reveal that the three systems fueled with com ethanol achieve 
moderate GHG emission reductions. But the four systems fueled with cellulosic ethanol and the one 
renewable electricity GH 2 option achieve very substantial reductions in GHG emissions. 

The WTT stage of com and cellulosic ethanol pathways is associated with a large amount of NO x 
emissions because of the NO x emissions from farming equipment, nitrification and denitrification of 
nitrogen fertilizer, and ethanol production. Figure 4-45 shows large increases in WTW total NO x 
emissions by the seven ethanol systems. However, most of the WTT NO x emissions occur outside of U.S. 
urban areas. WTW urban NO x emissions (Figure 446) from the seven ethanol systems are comparable to 
those of the non-renewable fuel systems. 

In summary, the energy and emission benefits of renewable fuels lie in reductions in fossil energy use, 
petroleum energy use, and GHG emissions. 


134 



264 



135 



265 



136 




266 



137 








268 



139 



269 


4.2.8 Comparisons of Selected NG-Based Fuel Pathways 

Our analysis includes many new transportation fuels that are produced from NG. NG-based transportation 
fuels can effectively reduce the reliance of the U.S. transportation sector on petroleum. But NG itself is a 
non-renewable energy source, and the NG supply in North America is and will continue to be limited. If 
the transportation fuels market is to be expanded to include NG-based fuels, one question is how to 
efficiently use NG to meet the transportation energy demand. Figures 4-47 through 4-5 1 present WTW 
energy and emission results for 22 vehicle/fuel systems fueled with NG-based fuels, together with the 
results for the baseline gasoline technology. 

Figure 4-47 shows WTW fossil energy use for 23 vehicle/fuel systems. Relative to the baseline gasoline 
ICE technology, the majority of the NG-based systems reduce WTW fossil energy use. The exceptions 
are GH 2 -fueled ICEs, standalone FCVs fueled with GH 2 and LH 2 from NG CC electricity, fuel cell HEVs 
fueled with LH 2 from NG CC electricity, CNG ICEs fueled with NNA NG, and FT-diesel-fueled Cl 
ICEs. In all these cases, WTT fossil energy losses are large enough to offset potential vehicle energy 
efficiency gains. 

Our results reveal that, of the 22 NG-based vehicle/fuel systems, the most energy-efficient ways of using 
NG are in GH 2 -fueled FCVs, CNG HEVs, and methanol- and FT-naphtha-fueled FCVs. 

Figure 4-48 shows WTW GHG emissions of the 22 NG-based systems. The patterns of WTW GHG 
emissions are similar to those for WTW fossil energy use. 

Figure 4-49 shows WTW urban VOC emissions. Relative to the gasoline ICE technology, all NG-based 
systems reduce urban VOC emissions, primarily because of the low volatility of NG-based fuels. 
Figure 4-50 shows WTW urban NO* emissions, which are driven largely by vehicle technologies. ICE- 
based systems usually have higher urban NO, emissions than fuel-cell-based systems. The figure shows 
that there are large uncertainties in urban NO x emissions for the 22 systems. Figure 4-51 shows WTW 
urban PM 10 emissions. Urban PM 10 emissions for GH 2 -fueled ICEs and ICE HEVs arc actually higher 
than those of the baseline gasoline ICE technology. This is because hydrogen production with SMR 
generates significant amounts of NO x emissions (see Section 2) and because U.S. average electricity was 
assumed for compressing GH 2 , which results in some urban NO x emissions because some of electric 
power plants are located within U.S. urban areas. 

While control measures can be implemented to limit the potential increases in criteria pollutants for 
certain NG-based fuel pathways, high fossil energy use and GHG emissions for some of the technology 
options (such as LH 2 from NG combined-cycle electricity) in Figures 4-47 and 4-48 are caused by high 
NG use during fuel production. If the purpose is to efficiently use NG resources in the transportation 
sector, one may argue that inefficient NG-based fuel pathways should be avoided. However, the choice of 
a given NG-based fuel production pathway may be determined by the availability of fuel production and 
distribution infrastructure and the maturity of vehicle technologies. WTW energy efficiencies and GHG 
emissions should not be the sole factor in determining whether to eliminate certain fuel production 
pathways. 


140 



270 



141 




271 



142 




272 



143 



273 



144 




274 



145 


275 


4.2.9 Comparison of Electrolysis Hydrogen between the U.S. Electricity 
Generation Mix and the California Electricity Generation Mix 


Table 4-5 Projected U.S. and California Electricity 
Generation Mixes in 2016 


In previous sections, we presented the 
energy use and emissions results for 
technologies powered with electrolysis 
hydrogen produced by using U.S. average 
electricity, NG CC electricity, and 
renewable electricity to demonstrate the 
importance of electricity sources for 
electrolysis hydrogen production. We realize 
that California could deploy FCVs first. In 
the early stage of potential California FCV 
deployment, hydrogen may be produced 
from electricity there. Thus, besides U.S. 
average electric generation, we simulated 
electrolysis hydrogen production with the 
California average generation mix. 

Table 4-5 shows U.S. and California 

electricity generation mixes for 2016, our target year for analysis in this study. The U.S. generation mix is 
based on projections by the Energy Information Administration; the California generation mix is based on 
projections by the California Energy Commission. Note that the California generation mix includes out- 
of-state power generation for California consumption. The major difference between the U.S. and 
California mixes is less power from coal, more power from NG, and more power from other sources in 
California than in the United States. 


Fuel 

U.S. Generation 
Mix (%) 

California Generation 
Mix (%) 

Residual Oil 

1 

0 

NG 

15 

33 

Coal 

54 

21 

Nuclear 

18 

15 

Others 3 

12 

31 


8 Others here include hydro, geothermal, wind, and solar 
power. These power sources have zero emissions 
(emissions associated with plant construction are not 
included in GREET simulations). 


Figures 4-52 through 4-60 present the results of electrolysis hydrogen-based technologies with the U.S. 
and California electricity generation mixes. Figure 4-52 shows WTW total energy use for ICE vehicles, 
ICE HEVs, and FCVs powered with GHg and LH 2 , both of which are produced from electricity. In all the 
cases, hydrogen produced with California average electricity results in lower total energy use than 
hydrogen produced with U.S. average electricity. The reduction in total energy use from U.S. to 
California electricity is attributable to the fact that a large share of California electricity is derived from 
other sources for which GREET uses 100% power plant conversion efficiency (see Figure 4-2 and related 
discussions there). Overall, while electrolysis-LH 2 -based technology options result in increased total 
energy use, FCVs (both standalone and hybrid configurations) powered with GH 2 result in total energy 
use similar to that of baseline gasoline vehicles. 

Figure 4-53 compares WTW fossil energy use for U.S. electricity-based and California electricity-based 
hydrogen technology options. The reductions in fossil energy use from U.S. average electricity to 
California average electricity for hydrogen production result from the fact that 70% of U.S. electricity is 
generated from fossil energy sources, while only 54% of California electricity is generated from fossil 
energy sources. 

Figure 4-54 presents WTW GHG emissions for the U.S. and California generation mixes. The reductions 
in GHG emissions from U.S. electricity to California electricity for hydrogen production are attributable 
to the large amount of electricity that is generated from hydro, geothermal, wind, and solar power in 
California. In fact, with the California electricity generation mix, FCVs powered with electrolysis 
hydrogen could result in moderate GHG emission reductions instead of the GHG emission increases that 
result from the U.S. electricity generation mix. These results again demonstrate the importance of 
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considering the electricity sources for electrolysis hydrogen production in determining energy and 
emission benefits of electrolysis-hydrogen-based FCVs. 

Figures 4-55 and 4-56 compare total and urban NO x emissions for the two electricity generation mixes. 
For total NO x emissions (Figure 4-55), the California generation mix results in small increases in WTW 
NO x emissions relative to NO x emissions for the baseline gasoline vehicles, while the U.S. generation 
mix results in large increases. For urban NO x emissions (Figure 4-56), FCVs powered with hydrogen 
derived from California electricity actually result in emission reductions. However, hydrogen-lCE-based 
vehicle technologies still result in increased NO x emissions because of both their tailpipe NO x emissions 
and NO x emissions associated with electricity generation. 

Figures 4-57 and 4-58 show total and urban PMio emissions for electrolysis-hydrogen-based technology 
options. In all cases, PMio emissions are increased with electrolysis-based hydrogen technologies. But the 
increases with the California electricity generation mix are much smaller than with the U.S. generation 
mix. For urban PMjo emissions, FCVs powered with electrolysis hydrogen result in emission reductions 
under both the U.S. and the California generation mixes. 

Figures 4-59 and 4-60 compares total and urban SO x emissions for the two generation mixes. There are 
large reductions in total SO x emissions from the U.S. electricity generation mix to the California 
generation mix for hydrogen production because a much smaller share of electricity is generated from 
coal-fired power plants in California than in the United States as a whole. In any case, SO x emissions 
increase with all clectrolysis-hydrogen-based technology options under both generation mixes. The results 
for urban SO x emissions are similar to those for total SO x emissions. 

In summary, with the California electricity generation mix, the energy use and emissions of electrolysis- 
hydrogen-based technology options are reduced, relative to those with the U.S. generation mix. In the 
cases of GHGs and urban NO x emissions, the differences between the two generation mixes are large 
enough to result in overall reductions in these emissions by FCVs powered with electrolysis hydrogen 
supplied by the California electricity generation mix relative to emissions associated with baseline 
gasoline vehicles. 
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4.2.10 Effects of Power Plant Emission Reductions Resulting from the Interstate 
Air Quality Rule Adopted by EPA 

In Section 2, we described potential reductions in NO x and SO x emissions from electric power plants that 
may result from the Interstate Air Quality Rule adopted by EPA. The adopted IAQR is intended to reduce 
NO x and SO x emissions in electric power plants in 29 Eastern U.S. states. We estimated that the IAQR 
rule could result in a 43% reduction in power plant NO x emissions and a 41% reduction in power plant 
SO x emissions nationwide. To test the effect of the IAQR rule, we used the GREET model to simulate the 
WTW NO x and SO x emissions of electrolysis-hydrogen-based technology options under the IAQR rule. 

Figures 4-61 and 4-62 shows WTW total and urban NO x emissions of electrolysis-hydrogen-based 
vehicle technologies with baseline power plant emissions projected by EPA and IAQR power plant 
emissions. Total NO x emissions for electrolysis hydrogen technology options are reduced roughly by 
40% from baseline power plant emissions to IAQR power plant emissions. However, the reductions are 
not large enough to cause overall reductions in NO x emissions for these vehicle technologies, relative to 
NO x emissions from baseline gasoline vehicles. On the other hand, the reductions in urban NO x 
emissions from the baseline case to the IAQR case are large enough so that FCVs powered with 
electrolysis hydrogen result in urban NO x emission reductions under the IAQR case. 

Figures 4-63 and 4-64 present total and urban SO x emissions under the two cases. Although the IAQR 
case results in large reductions in WTW SO x emissions for electrolysis-hydrogen-based technologies, the 
reductions are not large enough to cause overall reductions in SO x emissions by these vehicle 
technologies relative to baseline gasoline vehicles. 

The simulations of the IAQR rule with GREET show that as power plant emissions are further controlled, 
FCVs powered even with U.S. average electricity mix will result in reductions in NO x emissions. 

4.2.11 Comparison of Bin 5 vs. Bin 2 Hydrogen ICE Vehicle Technologies 

Our analysis assumed that hydrogen ICE technologies (both standalone and hybrid configuration) would 
meet EPA’s Tier 2 Bin 5 NO x emission standards. Some recent efforts have demonstrated that hydrogen 
ICE technologies could meet Tier 2 Bin 2 NO* emission standards. We simulated WTW NO x emissions 
of Bin 2 hydrogen ICE technologies with GREET. 

Figures 4-65 and 4-66 present the WTW total and urban NO x emissions associated with hydrogen ICE 
technologies meeting either Bin 5 or Bin 2 NO x emission standards. Total NO x emissions are reduced 
somewhat from Bin 5 to Bin 2 for an individual technology option. But the reductions are generally small 
because as vehicles meet Tier 2 standards, tailpipe NO x emissions account for only a small share of the 
WTW NO x emissions of hydrogen ICE technologies. 

The reductions from Bin 5 to Bin 2 for urban NO x emissions are larger than for total NO x emissions. But 
overall, the reductions are not large enough to change the overall ranking of hydrogen ICE technologies 
relative to baseline gasoline vehicles. Both figures show that hydrogen ICE technologies powered with 
NG-based hydrogen generate an amount of NO x emissions similar to the amount generated by baseline 
gasoline vehicles. However, hydrogen ICE technologies powered by electrolysis hydrogen with the U.S. 
average electricity generation mix produce NO x emissions larger than those of baseline gasoline vehicles. 
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5. CONCLUSIONS 


When advanced vehicle technologies are introduced together with new transportation fuels, their energy 
and emission effects must be evaluated on a WTW basis in order to provide an accurate assessment of 
their true energy and environmental benefits. The WTW results of this study show that significant shares 
of energy and emission burdens could occur in the WTT stages for some of the vehicle/fuel systems 
evaluated. This is true even for criteria pollutant emissions, as vehicle tailpipe emissions continue to 
decline to meet the U.S. Tier 2 vehicle emission standards. 

The GREET WTW simulations completed for this study show that, in general, fuel production and 
vehicle operation are two key WTW stages in determining WTW energy use and emissions results. The 
fuel production stage usually has the largest energy-efficiency losses of all WTT stages. This is true for 
production of gasoline, diesel, hydrogen, FT diesel, ethanol, methanol, and electricity. Special attention 
must be given to the energy efficiency of each fuel production stage. 

For the vehicle operation stage, the most significant factor in determining WTW results is the fuel 
consumption of the vehicle technologies. Fuel efficiency (or fuel energy consumption per distance driven) 
directly determines GHG emissions per mile during operation of vehicles fueled with carbon-containing 
fuels. Furthermore, fuel consumption directly affects the allocation of WTT emissions (in g/mmBtu) to 
WTW emission (in g/mi). Thus, simulation to determine fuel consumption values for vehicle technologies 
is a key activity for WTW analyses. 

Vehicle simulations for this study were conducted for a full-size pickup truck. As discussed in Section 3, 
our simulations reveal that DI SI engine technology could achieve a gain of about 15% in fuel economy, 
and Dl Cl engine technology could achieve a gain of more than 20%. HEV technologies used with 
gasoline and diesel ICEs achieve 25-45% gains in fuel economy. On the other hand, FCVs employing 
onboard reforming offer fuel economy gains of 51-65%, and fuel cell HEVs employing onboard 
reforming offer gains of 70-90%. Direct-hydrogen FCVs achieve fuel economy gains of 140%, and 
direct-hydrogen fuel cell HEVs achieve gains of more than 160%. These fuel economy gains contribute 
directly to the reductions in WTW energy use and emissions by these advanced vehicle technologies. In 
the cases in which hydrogen is used to power vehicles, the large gains in fuel economy by fuel cell 
technologies far offset energy-efficiency losses during hydrogen production (except for electrolysis 
hydrogen production, for which fuel economy gains are not enough to offset the large energy losses of 
electricity generation and hydrogen production together). 

Vehicle fuel economy has a smaller impact on WTW emissions of criteria pollutants (except for SO x 
emissions) for ICE-based technologies, because vehicular criteria pollutant emissions are regulated on a 
per-mile basis, and after-combustion emission control technologies are designed to reduce per-mile 
emissions, resulting in a disconnection between the amount of fuel consumed and the amount of per-mile 
criteria pollutant emissions generated. For vehicle technologies that do not have tailpipe emissions (such 
as direct-hydrogen FCVs and battery-powered EVs), fuel consumption directly affects WTW criteria 
pollutant emissions. 

Our WTW results show that advanced vehicle technologies offer great potential for reducing petroleum 
use, GHG emissions, and criteria pollutant emissions. Reductions in petroleum use are attributable to 
vehicle fuel consumption reductions by advanced vehicle technologies and the switch from petroleum to 
non-petroleum energy feedstocks in the case of hydrogen, electricity, CNG, FTD, methanol, and ethanol. 
Use of non-petroleum feedstocks for transportation fuel production essentially eliminates petroleum use. 
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Use of E85 in ethanol flexible-fuel vehicles reduces petroleum use by about 70% (because E85 contains 
about 26% gasoline, on an energy basis). On the other hand, HEVs operating on gasoline or diesel reduce 
petroleum use by 20-30%, exclusively because of vehicle fuel consumption reductions. 

The WTW GHG emissions generated by advanced vehicle technologies are determined by the WTT 
energy efficiencies of fuel pathways, the vehicle fuel consumption, the carbon content of energy 
feedstocks for fuel production, and the renewability of those feedstocks. The use of renewable feedstocks 
(such as renewable electricity and cellulosic ethanol) helps eliminate (or almost eliminate) GHG 
emissions. Even vehicle technologies with high fuel consumption can still eliminate GHG emissions, 
because the fuel and its feedstock do not have carbon burdens. For example, use of renewable hydrogen 
in hydrogen ICE and fuel cell technologies achieves 100% reductions in GHG emissions. On the other 
hand, use of cellulosic E85 in ICE technologies achieves reductions of about 70% (the benefits are 
reduced because E85 contains 26% gasoline by energy content). 

The GHG reduction results for advanced vehicles powered by carbon-containing fuels or fuels derived 
from carbon-containing feedstocks depend on WTT efficiencies and vehicle fuel consumption. For 
example, FCVs powered by NG-derived hydrogen achieve GHG reductions of about 50% because of the 
low fuel consumption of direct-hydrogen FCVs. If NG-derived hydrogen is used in hydrogen ICE 
technologies that are less efficient than hydrogen fuel cell technologies, there may be no GHG reduction 
benefits. In hydrogen plants, all carbon in NG ends up as CO 2 . If CO 2 is captured and stored, this 
production pathway essentially becomes a zero-carbon pathway. Any vehicle technologies using 
hydrogen produced this way will eliminate GHG emissions. In our analysis, we did not assume carbon 
capture and storage for central hydrogen plants with NG. 

Some of the vehicle technologies and fuels evaluated in this study offer moderate reductions in GHG 
emissions: corn-based E85 in flexible-fuel vehicles, HEVs powered by hydrocarbon fuels, and diesel- 
fueled vehicles. In general, these vehicle/fuel systems achieve 20-30% reductions in GHG emissions. The 
reduction achieved by using com-based E85 is only moderate because (1) significant amounts of GHG 
emissions are generated during com fanning and in com ethanol production plants; (2) diesel fuel, LPG, 
and other fossil fuels are consumed during com farming; (3) a large amount of nitrogen fertilizer is also 
used for com farming, and manufacture of nitrogen fertilizer and its nitrification and denitrification in 
cornfields produce a large amount of GHG emissions; and (4) usually, NG or coal is used in com ethanol 
plants to generate steam. If renewable energy sources, such as com stover or cellulosic biomass, are used 
in com ethanol production plants, use of com-based E85 could result in larger GHG emission reductions. 

Hybrids fueled with CNG achieve larger GHG reductions than their fuel consumption reductions, because 
NG is 21% less carbon-intensive (defined as carbon content per energy unit of fuel) than gasoline (our 
baseline fuel). On the other hand, diesel ICEs and hybrids achieve smaller GHG reductions than their fuel 
consumption reductions, because diesel fuel is 7% more carbon-intensive than gasoline. 

GHG results for hydrogen generated by means of electrolysis may be the most dramatic WTW results in 
this study. Two major efficiency losses occur during electricity generation and hydrogen production via 
electrolysis. Consequently, this pathway is subject to the largest WTT energy-efficiency losses. Using 
hydrogen (itself a non-carbon fuel) produced this way could result in dramatic increases in WTW GHG 
emissions. For example, if hydrogen is produced with U.S. average electricity (more than 50% of which is 
generated from coal-fired power plants), its use, even in efficient FCVs, can still result in increased GHG 
emissions; its use in less-efficient hydrogen ICEs results in far greater increases in GHG emissions. On 
the other hand, if a clean electricity generation mix, such as the California generation mix, is used, the use 
of electrolysis hydrogen in FCVs could result in moderate reductions in GHG emissions. Furthermore, if 
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renewable electricity, such as wind power, is used for hydrogen production, the use of hydrogen in any 
vehicle technology will result in elimination of GHQ emissions. This case demonstrates the importance of 
careful examination of potential hydrogen production pathways so that the intended GHG emission 
reduction benefits by hydrogen-powered vehicle technologies can truly be achieved. 

Ours is the first comprehensive study to address WTW emissions of criteria pollutants. The results reveal 
that advanced vehicle technologies help reduce WTW criteria pollutant emissions. We assumed in our 
study that ICE vehicle technologies will, at minimum, meet EPA’s Tier 2 Bin 5 emission standards. 
Improvements in fuel consumption by advanced vehicle technologies will help reduce per-mile WTT 
criteria pollutant emissions. For example, gasoline or diesel HEVs with low fuel consumption will reduce 
WTW criteria pollutant emissions by 10-20%, exclusively because of their reduced WTT emissions. 

Probably the most revealing results are the differences in WTW criteria pollutant emissions between ICE 
and fuel cell technologies. Although tailpipe criteria pollutant emissions generated by ICE technologies 
will be reduced significantly in the future, they will continue to be subject to on-road emission 
deterioration (although to a much smaller extent than past ICE technologies, thanks to OBD systems). On 
the other hand, FCVs, especially direct-hydrogen FCVs, generate no tailpipe emissions. Except for 
electrolysis hydrogen generated with U.S. average electricity, hydrogen FCVs reduce WTW emissions of 
criteria pollutants. For example, NG-derived hydrogen FCVs reduce WTW NO x emissions by about 50%. 
FCVs also reduce the uncertainty range of criteria pollutant emissions, because they do not experience on- 
road deterioration of criteria pollutant emissions. 

Vehicle technologies fueled with hydrogen generated via electrolysis usually result in increased criteria 
pollutant emissions. Power plant emissions, together with the low efficiency of electrolysis hydrogen 
production, cause the increases. In order to mitigate the increases, power plant emissions will have to be 
reduced drastically or clean power sources will have to be used for hydrogen production. 

Ethanol-based technology options also result in increased total emissions for criteria pollutants, because 
large amounts of emissions occur during biomass farming and ethanol production. Our study estimates 
total and urban emissions of criteria pollutants separately. Although total emissions are increased by using 
ethanol, a significant amount of the total emissions occurs outside of urban areas (on farms and in ethanol 
plants that will be located near biomass feedstock farms). While total emission results show the 
importance of controlling ethanol plant emissions, urban emission estimates show that the negative effects 
of biofuels (such as ethanol) on criteria pollutant emissions are not as severe as total emission results 
imply. 

Examination of GHG emissions and criteria pollutant emissions reveals tradeoffs for some vehicle/fuel 
technologies. For example, while diesel vehicle technologies offer the potential to reduce fuel use and, 
consequently, to reduce GHG emissions, they may face challenges in reducing NO* and PMio emissions. 
Our assumption that diesel vehicles will meet Tier 2 Bin 5 standards by no means understates the 
technical challenges that automakers face in achieving this goal. On the other hand, FCVs can achieve 
emission reductions for both GHGs and criteria pollutants — thus offering a long-term solution to 
emissions of both GHGs and criteria pollutants from the transportation sector. 

The results of our WTW analysis of criteria pollutant emissions show that, as tailpipe emissions from 
motor vehicles continue to decline, WTT activities could represent an increased share of WTW emissions, 
especially for hydrogen, electricity, ethanol, and FT diesel. Thus, in order to achieve reductions in criteria 
pollutant emissions by advanced vehicle technologies, close attention should be paid to emissions 
associated with WTT, as well as TTW, activities. 
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Our study analyzed advanced vehicle technologies together with new transportation fuels, because vehicle 
technologies and fuels together have become increasingly important in seeking solutions to transportation 
energy and environmental problems. High-quality fuels are necessary to allow the introduction of 
advanced vehicle technologies. For example, low-sulfur gasoline and diesel are needed for gasoline lean- 
bum and clean-diesel engines. The energy and environmental benefits of FCVs can be guaranteed only by 
using hydrogen from clean feedstocks and efficient production pathways. In a way, the recent 
popularization of WTW analyses reflects the new reality — that vehicles and fuels must be considered 
together in addressing transportation energy and environmental issues. 

Our study separates energy use into total energy, fossil energy, and petroleum energy. Separate results for 
each of the three energy types shed light on the true energy benefits of transportation fuels. For example, 
some other studies that developed estimates for total energy use showed large increases in energy use for 
biofuels. But those studies failed to differentiate among the different types of energy sources. A fuel that 
offers a significant reduction in petroleum use may be able to help reduce U.S. oil imports. In Section 4, 
we demonstrated that total energy calculations can sometimes be arbitrary. For these reasons, we maintain 
that the type of energy sources, as well as the amount of energy use, should be considered in evaluating 
the energy benefits of vehicle/fuel systems. 
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6. STUDY LIMITATIONS 


The intent of this study was to evaluate the energy and emission effects of the vehicle/fuel systems 
included in the study, with the premise that they could be introduced around 2010. Like many other 
WTW studies, ours did not address the economics and market constraints of the vehicle/fuel systems 
considered. Costs and commercial readiness may eventually determine which vehicle/fuel systems are 
able to penetrate the vehicle market. The results of this study provide guidance to help ensure that R&D 
efforts are focused on the vehicle/fuel systems that will provide true energy and emission benefits. 
Because WTW studies generally do not address economics, consumer acceptance, and many other 
factors, they cannot determine the marketability of vehicle/fuel systems. 

As discussed in Section 5, the fuel consumption of vehicle/fuel systems is one of the most important 
factors in determining WTW energy use and emissions results, especially GHG emissions. In our 
analysis, we based vehicle fuel consumption simulations on the full-size Silverado pickup track. 
Compared with a typical passenger car, the pickup track has higher fuel consumption and higher tailpipe 
emissions, resulting in higher WTW energy use and emissions per mile. Most other WTW studies were 
based on passenger cars. Absolute results per mile driven between this study and other completed studies 
cannot be compared. However, the relative changes that can be derived from per-mile results in this study 
and other studies can be compared to understand the differences in potential energy and emission benefits 
for different vehicle and fuel technologies. 

Several major WTW studies have been completed in the past several years. For example, MIT conducted 
a WTW study in 2000 and updated it in 2003 (Weiss et al. 2000; 2003). The MIT study was based on a 
mid-size passenger car. The GM-sponsored European WTW study (L-B-Systemtechnik GmbH et al. 
2002) was based on an Opel Zafira minivan with an engine displacement of 1.8 L. A WTW study 
sponsored by the Joint Research Centre of the European Commission, Concawe, and the European 
Council for Automotive R&D (2003) was based on a typical European compact car similar to the 
Volkswagen Golf. Comparison of absolute results from these studies and our study are less meaningful, 
mainly because different vehicle sizes were used in these studies. However, comparison of the relative 
change results among these studies should improve our understanding of the range of energy and 
emission benefits associated with advanced vehicle technologies and new transportation fuels, although 
such comparisons are beyond the scope of this study. 

The fuel consumption improvements of HEVs directly affect their WTW energy and emission benefits. 
The extent of HEV fuel consumption improvements depends largely on the degree of hybridization and 
on designed tradeoffs between fuel consumption and vehicle performance. The HEV design simulated in 
this study was intended to fully meet the performance goals of the conventional Silverado truck. 
Furthermore, engine downsizing was not assumed here for the best-estimate HEV design. This design 
decision resulted in smaller fuel consumption reductions by HEVs in this study than could be achieved 
with downsized engines. Downsized engines were considered in the best-case HEV scenario. 

Although we included many hydrogen production pathways in this study, we have certainly not covered 
every potential hydrogen production pathway. For instance, we included neither hydrogen production via 
gasification from coal and cellulosic biomass nor hydrogen production via high-temperature, gas-cooled 
nuclear reactors. R&D efforts are currently in progress for these hydrogen production pathways. For some 
of the hydrogen production pathways considered in this study (such as hydrogen from NG in central 
plants), we did not assume carbon capture and storage. If we had done so, those pathways might have 
been shown to result in huge GHG emission reductions. 

Although we addressed uncertainties in our study with Monte Carlo simulations, the results of our 
simulations depend heavily on probability functions that we established for key WTW input parameters. 
Data limitations reduced the reliability of the distribution functions we built for some of the key input 
parameters, such as criteria pollutant emissions of key WTT and TTW stages. Nonetheless, systematic 
simulations of uncertainties in WTW studies could become the norm for future WTW studies. 
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APPENDIX A 

ANALYSIS OF THE NATIONAL EMISSION INVENTORY DATABASE 


TABLE A-1 Activity Data Sources Used for Process Emission Factor Calculations 


Process 

Activity Data Source 

Bituminous coal and lignite surface mining and 
processing 

NEI 

Bituminous coal underground mining and 
processing 

NEI 

Nitrogen fertilizer production 

NEI 

Crude petroleum pipelines 

NEI 

Refined petroleum product pipelines 

NEI 

Petroleum bulk terminals 

NEI 

Gasoline and diesel service stations 

NEI 

Natural gas liquids production 

Oil and Gas Journal, Vol. 97, Issue 24, June 14, 1999 

Ethanol Production 

BBI, International for 2001 

Methanol production from natural gas 

ChemExpo’s Chemical Profile of Methanol for 2000 

Phosphate fertilizer production 

ChemExpo's Chemical Profile of Ammonium Phosphates 
for 1999. Applied capacity utilization factor of 78% to all 
facility capacities. Utilization factor from Federal Reserve 
Statistical Release for Industrial Production and Capacity 
Utilization 

Petroleum Refineries 

Oil and Gas Journal, Vol. 97, Issue 51, Dec. 20, 1999; 
applied utilization factor of 93%. Utilization factor from 
Federal Reserve Statistical Release (same as above) 
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NG industrial boilers 346 16.459 11.572 0.092 57.720 7.141 14.868 36.298 
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APPENDIX B 

GENERATION OF EMISSION FACTOR DISTRIBUTIONS 

TABLE B-1 Fuel Combustion Sources (units are g/mmBtu of fuel input) 

Item Description 


NG-fired utllity/ind ustrial boilers 
VOC Distribution fit to NEI data 
CO Distribution fit to NEI data 

NO x Minimum changed to match that of Power Magazine (Schwieger et at. 2002) and the maximum matches 
the 98th percentile of NEI data 
PM 10 Distribution fit to NEI data 
NG-fired small industrial boilers 
VOC Distribution fit to NEI data 

CO Minimum changed to 5. Mean is 20% reduction from AP-42. 

NO* Minimum set to match large boiler. Distribution adjusted to make mean below average AP-42 factors. 
PM 10 Distribution fit to NEI data 

NG-fired large gas turbines, combined-cycle gas turbines, and small gas turbines 
VOC Assumed future controls on high emitters, so maximum set to the second highest NEI data point. 

CO Assumed future controls on high emitters, so maximum set to equal AP-42 controlled. Mean close to 

AP42 average. 

NO* Assumed future controls on high emitters, so maximum set to match 2nd highest point 
PM io Distribution fit to NEI data 
NG-fired reciprocating engines 
VOC Distribution fit to NEI data 

CO Minimum changed to 5 

NO* Distribution set to match diesel engine distribution 
PM 10 Distribution fit to NEI data 
Oil-fired utility boilers, industrial boilers, and commercial boilers 
VOC Distribution fit to NEI data 
CO Distribution fit to NEI data 
NO* Distribution fit to NEI data 
PM 10 Distribution fit to NEI data 

SO* NEI data would have given emission factors higher than coal fired, so we lowered the minimum to about 
half that of coal (to match relative sulfur content). Distribution adjusted to make mean double the coal 
mean because few SO* controls than with coal. 

Diesel-fired industrial boilers and commercial boilers 
VOC Distribution fit to NEI data 
CO Distribution fit to NEI data 

NO* Assumed future controls on high emitters, so maximum of the distribution was set to match the 
maximum factor for AP-42 

PM 10 Maximum and minimum match NEI data, but exponential function used to keep mean below the mean 
for residual oil 
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TABLE B-1 (Cont.) 

Item Description 


Diesel-fired reciprocating engines 

VOC Maximum set to 250, corresponding to the maximum in the uncontrolled heavy-duty off-road engines 

CO Maximum set to 250 and minimum set to 20. Beta distribution was adjusted to make the mean equal to 

100, which corresponds to value in the heavy-duty off-road engines. 

NO x Minimum set to match 2010 heavy-duty engine standard. Maximum set to the maximum uncontrolled 
AP-42 factor. Resulting distribution has a mean of about half of that for NEI data. 

PM-, o Little data in NEI, so distribution set equivalent to controlled value for 2010 heavy-duty engine 

standards (0.01 g/bhph), a median consistent with 0.3 g/bhph, and a maximum near the maximum of 
the NEI data 

Gasoline-fired reciprocating engines 

VOC No data from NEI. Distribution function for diesel-fired reciprocating engines was adjusted with the 
difference erf gasoline farming tractors and diesel farming tractors. 

CO No data from NEI. Distribution function for diesel-fired reciprocating engines was adjusted with the 
difference of gasoline farming tractors and diesel farming tractors. 

NO x No data from NEI. Distribution function for diesel-fired reciprocating engines was adjusted with the 
difference of gasoline farming tractors and diesel fanning tractors. 

PMio No data from NEI. Distribution function for diesel-fired reciprocating engines was adjusted with the 
difference of gasoline farming tractors and diesel fanning tractors. 

LPG-fired industrial boilers 3 

NO x Distribution adjusted to make mean about a 40% reduction from NEI data 

LPG-fired commercial boilers" 

NO x Not enough NEI data to establish a distribution. Distribution was based on LPG industrial boilers, but 
mean was increased. 

Coal-fired industrial boilers 

VOC Minimum and maximum set to match AP-42 range 

CO Minimum set to match AP-42 minimum and maximum set to match AP-42 maximum 

NO x Minimum and maximum were set to match Power Magazine (Schwieger et al. 2002) values. The 

resulting mean is 40% below NEI data. 

PM 10 No data from NEI 

SO x Adjusted distribution to 50% of NEI data to reflect expected controls by 2016 

3 Distribution functions were established only for NO x emissions of LPG-fired industrial and commercial boilers. 

Emissions for other pollutants were point estimates. 
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TABLE B-2 Non-Combustion Sources (units are grams/million Btu of fuel 
throughput) 


Item Description 


Petroleum-refinery process emissions for gasoline production 3 
VOC Assumed future controls on high emitters, so maximum set to match 4th highest point 

CO Assumed future controls on high emitters, so maximum set to match 2nd highest point. 

Skewed distribution to left to represent future controls. 

NO* Assumed future controls on high emitters, so maximum set to match 3rd highest point 

PM 10 Assumed future controls on high emitters, so maximum changed to the second highest 

NEI point. Mean consistent with mode. 

SO* Assumed future controls on high emitters, so maximum reduced to 25. Based on future 

controls, distribution was skewed to the left to make a mean at 50% of the NEI data. 


VOC from gasoline bulk terminals 
VOC from gasoline refueling stations 

VOC from LPG refueling stations 

VOC from diesel bulk terminals 
VOC from diesel refueling stations 
VOC from naphtha bulk terminals 

VOC from naphtha refueling stations 


Assumed future controls on high emitters, so maximum reduced to 
match 3rd highest NEI data point 

Maximum of distribution matches current NEI data. Minimum set to 
match well-controlled value. Distribution based on assumption that 
more than half of stations will have controls by 2016. 

No data from NEI. Assumed to be 10% of gasoline station VOC 
evaporative emissions. 

Distribution fit to NEI data 
Distribution fit to NEI data 

No data from NEI. Assumed to be the same as the gasoline bulk 
terminal evaporative emissions. 

No data from NEI. Assumed to be the same as the gasoline station 
evaporative emissions. 


Process-related emissions of NG processing plants 

VOC NEI emission data for natural gas liquids plants were allocated to NG and LPG (85% and 

15%, respectively). Set the maximum value to ERG maximum value of 1 1 . This gives a 
mean value similar to independently obtained data. 

CO NEI emission data for natural gas liquids plants were allocated to NG and LPG (85% and 

15%, respectively). Set the maximum value to 3, the minimum value to 0, and the mean 
value to 1.1, which were similar to Independently obtained data. 

NO* NEI emission data for natural gas liquids plants were allocated to NG and LPG (85% and 

15%, respectively). Set the maximum value to 6.7 (which was the highest in NEI data), 
the minimum value to 0, and the mean value similar to independently obtained data. 

PMio NEI emission data for natural gas liquids plants were allocated to NG and LPG (85% and 

15%. respectively). Set the maximum value to 0.07 (which was from independently 
obtained data) and the minimum value to 0 (which was from the NEI data). 

SO* NEI emission data for natural gas liquids plants were allocated to NG and LPG (85% and 

1 5%, respectively). Set the maximum value to 50 and shifted the distribution function for 
the mean value to be 10 to be close to independently obtained values. 

Hydrogen plant process emissions 11 

VOC A distribution was created with maximum, minimum, and mode consistent with non- 

methane VOC data received from current hydrogen manufacturers 

CO A distribution was created with maximum, minimum, and mode consistent with data 

received from current hydrogen manufacturers 

NO, See text 

PM 10 A distribution was created with maximum, minimum, and mode consistent with data 

received from current hydrogen manufacturers 
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TABLE B-2 (Cont.) 

Item Description 


MeOH plant process emissions 11 

VOC, CO, No data were available, so distributions were based on distributions for hydrogen 
NO,, and reforming with adjustments for relative efficiency of hydrogen and methanol production 
PMio 

VOC from MeOH refueling stations 
FT diesel plant process emissions 6 

VOC, CO, No data were available, so distributions were based on distributions for hydrogen 
NO,, and reforming with adjustments for relative efficiency of hydrogen and Fisher Tropsch diesel 
PM 10 production 

Com ethanol plant process emissions 
VOC See text 

PM 10 Assumed future controls on high emitters, so maximum set to 2nd highest NEI data point 

Cellulosic ethanol process emissions 

VOC No data from NEI. Assumed to be 50% of com ethanol plant VOC emissions per gallon. 

PM 10 No data from NEI. Assumed to be the same as com ethanol plant PM 10 emissions per 

gallon. 

VOC from EtOH bulk terminals No data from NEI. Assumed to be the same as gasoline bulk 

terminal VOC emissions. 

VOC from EtOH refueling stations No data from NEI. Assumed to be the same as gasoline station 

VOC emissions. 


PM 10 emissions of coal mining 

Underground mining Future controls assumed on high emitters, so maximum set to 2nd 

highest NEI data point 

Surface mining Future controls assumed on high emitters, so maximum set to 2nd 

highest NEI data point. The high values in the distribution are likely 
to represent coarse particulates. 


‘ Distribution functions of criteria pollutant emissions were established for gasoline production in refineries. 
Distribution functions for residual oil, LPG, diesel, and crude naphtha are derived from those for gasoline 
with adjustment of relative refining energy efficiency between gasoline and each of the other fuels. 

b Distribution functions of criteria pollutant emissions were established for hydrogen production in SMR 
plants. Distribution functions for methanol and FT diesel plants are derived from those for hydrogen plants, 
with adjustment of relative energy efficiency between that of hydrogen and those of methanol and FT 
diesel. 
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